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DILUTION JET CONFIGURATIONS IN A REVERSE FLOVW
COMBUSTOR

Abstract
by

JAMES ZIZELMAN

Results of measurements of both temperature and
velocity fields within a reverse flow combustor are
presented. Flow within the combustor is acted upon
by perpendicularly injected cooling jets introduced
at three different locations along the inner and
outer walls of the combustor. The oddity of such
combustor configurations is best exemplified by
naooukuwun that flows within them accelerate both
transversely and longitudinally.

Each experiment is typified by a group of
parameters: density ratio, momentum ratio, spacing
ratio, and confinement parameter. Two more
quantities, Froude number and Mach number, although
calculated were found not to cowlwonm-nnwu these
experiments. Measurements of both temperature and
velocity are presented in terms of normalized
profiles at azimuthal positions through the turn
section of the combustion chamber. A rake of probes

that spans the combustor laterally allows for the
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presentation of some three dimensional plots giving
some indication of the lateral spreading. In
saddition, jet trajectories defined by minimunm
temperature and maximum velocity give a qualitative
indication of the location of the jet within the
cross flow, Results of 8 model from a previous
temperature study are presented in some of the plots
of data from this work.

During injection from all three injection
locations (inner wall prior to the turm, outer wsall
prior to the turn, and ounter wall into the turn) a
migration of the injected fluid toward the inner
wall is observed both from temperature and velocity
fields.

Penetration into the cross flow is shown to be
affected as follows: increasing injection jet
momentum increases penetration, increasing the ratio
of the jet density to the cross flow density
increases penetration, and increasing spacing
between jets in multiple jet injection increases
penetration.

Latersl spreading seemed to be greater during
higher momentum injection and during injection from
the outer wall.

The above conclusions appear consistent with

ii



the flow field that sets up in the combustor. The
flow is observed as inertially dominated and
characteristically irrotational as a pressure

gradient develops to support fluid turning.
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CHAPTER I

INTRODUCTION

In recent years, many studies have been made
that deal directly with the concept of jet
injection. Both theoretical and experimental work
has been done. Much of this work deals with one of
the following configurations: (1) jet injection
into a mon-moving environment, (2) perpendicular jet
injection into a medium with constant velocity, and
(3)multiple jet and two-dimensional jet injection
into a medium with constant velocity.

Work of the above description can be viewed in
most of the references ww the bibliography. It must
be remembered, however, that these studies are not
addressing the problem of turbulent jet injection
into an accelerating medium. The studies involving
a moving cross floware set up to provide a constant
area for the flow, and hence 2 constant velocity.
In most dilution jet applications in jet engine
combustors, this type of investigation is entirely
adequate because the chamber involved is really
nothing more nr-u s straight-through annulus
resulting in cross flow velocities that remain

nearly the same from inlet to exit. However, in the

geometry of the reverse flow combustor, the cross



flow negotiates a 180° turn while experiencing a

decrease in cross sectional area. This geometric
complexity gives rise to experimental studies such
as this one associated with determining both
velocity and temperature nwmwmm throughout the
combustor. From this information, immediate
qualitatve conclusions are available as well as more
detailed information describing the flow conditions
for use as experimental input to s semi-empirical
model. As can be seen, then, this investigation has
some peculiarities resulting from the unigue
combustor design, By the nature of the geometry,

the flow must accelerate both longitudinally and

transversely as it negotiates the 180° turn.
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Figure 1: Simplified Combustor mooannnwﬂumu



When one examines the combustor more closely, it
becomes evident that one can identify two apparent
modes of acceleration. The first to be identified
is the transverse acceleration that must exist
perpendicular to the flow direction due to the fact
that the flow negotiates the turn. The second
identifiable acceleration is that due to the cross
sectional area decrease as one approaches the exit.
This acceleration is in the direction of the flow.
By rotating the schematic in figure 1 about the
centerline, omne can see that this combustor is
acutally an annulus turned inside of itself. This
gives rise to more acceleration in the direction of
the flow because the inner annulus (the exit) is of
smaller radius, and therefore carves out less area.

The following figures depict the two modes of

acceleration:

FLOW

Longitudinal Acceleration

Figure 2: Longitudinal Acceleration



FLOW

Transverse Acceleration

Figure 3: Tranmsverse Acceleration

Due to this unique combustor design, little
theoretical, semi-empirical, or purely empirical
information is available that describes flow
conditions within the combustor. Fmvurwnnhum_. in a
recent study using s model reverse flow combustor,
generated a large quantity of empirical information
regarding temperature fields throughout the turn
section of the combustor. However, an attempted
model to predict jet trajectories im single jet
injection showed poor agreement with trajectories
inferred from the temperature profiles apparently
due to the lack of informaiton regarding the cross
flow velocity field, In the case of Lipshitz's

experiment, a thermal jet trajectory location was

defined as the minimum temperature observed between



the inner and outer walls of the combustor at a
given angular positiom im the turn section.
Individual trajectory locations could then be
connected with a smooth 1line.

To more fully examine the complexities of this
combustor with its various cooling jet injection
configurations, an experiment was designed to gather
both temperature and velocity data from the end of
the primary zone (at the entrance to the turn
section) to the outlet of the combustor (at the
turbine blades). Both radial (from inner wall to
outer wall) and azimuthal (angularly through the
turn) sampling points were set up so that both the
velocity and temperature fields counld be well
represented.

In an actual turbine—-engine situvation, it is
advantageous to know what effect changes in dilution
jet injection would have on temperature and velocity
fields at the outlet of the combustor. Since the
outlet is the location of the turbinme blades,
knowing detailed information here gives one the
ability to operate the engine at a higher, more
efficient temperature with considerably less

uncertainty as to when mechanical failure of the

blades will occur. Of course, the preferred



temperature profile at the blades is best
exemplified by figure 4,
center line

.. \\

combustor exit
temperature profile turbine blades

!

Figure 4: Preferred temperature profile Anunvmuovaumu

Figure 4 shows a temperature profile that increases
in going from the root to the tip of the blade. The
reasoning here is based npon centrifugal loading.
At the root, the blade structure must exert enough
inward force to support nearly the entire length of
the blade thereby causing this locatiom to
experience the maximum stress. Now, choose a
position near the tip of the blade. Here, the only
centrifugal loading is that caused by that small
portion between your chosen position and the blade
tip. It follows that the stress in the blade at the
tip approaches zero. As one begins to operate a jet

engine near its allowable maximuom, the limit is

usually set by the mechanical capability of the



turbine blades, so the lower nro temperature at the
maximum stress location, the longer the blade can
maintain mechanical integrity.

Additionally, a known velocity profile at the
exit would allow a more detailed calculation of
convective heat transfer coefficients of the turbine
blades, resulting in a more thorough understanding
of the heat transfer taking place, again providing
the opportunity to operaste the engine at a more
efficient temperature.

It can be seen, then, that if enough
information is gathered, it will be possible to
tailor both velocity and temperature profiles at the
outlet by merely changing the dilutionm jet initial
conditions. It is this tailoring that makes this

work so important.



CHAPTER I1
PREVIOUS RELATED STUDIES

Since this research copncerns itself with a
specific geometric design, there is relatively
little information regarding temperature and
velocity unomwsnm,-um trajectories. In fact, one

previous study by Fwnurmnnﬂum_

is all that is known
to exist., However, some studies have been made that
relate in a generic way because the basic concept of
jet injection is investigated. As stated earlier,
these studies include: (1) free turbulent jet
injected into a non-moving medium, (2) turbulent jet
injected perpendicularly into a non-accelerating
BnquB. sand (3) multiple jets and two-dimensional
jets injected into 2 non-accelerating medium. Since
these specific types of studies will not aid a great
deal in the understanding of this one, they will be
reviewed here fairly quickly. In a later chapter, a

presentation of the temperatue study conclusions by

Lipshitz(18] wi11 be conducted.



mechanics of jets, turbulent profiles are generally
considered to be self-similar, that is, the velocity
profiles remain similar with respect to the space
variable. Discussions on similarity solutions for
the free jet can be viewed in works by Abramovich[ll
and Albertson[zl. Using the idea of the similarity
solution, it becomes evident that in the fully
developed region of a free jet, the jet boundary

layer grows linearly as a function of distance from

the origin, i.e.,

b = s (11.1)

core transition fully-developed
|u!ion_1_ region i region

instantensous picture

Figure 5: A turbulent free jet[18]
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In addition, the similarity solution allows one to
recognize that the centerline velocity of the jet

decays as the inverse of the distance travelled from

the origin:
<u « 1 (11.2)
s

Investigating further, one can see from
>~dannnonnuu and Ricou and mvpmnwunauu_ that the
gross volume flux for a single turbulent free jet

was found to be given by:

q 0,16¢s (IX1.3)
nuo vo

Something that goes hand in hand with the idea of
gross volume flux is the notion of entrainment.
Qualitatively, it is s measure of how much fluid
experiences motion ian the direction of an
injected jot. Rouse, Yih, and nanuvno«nmna_ in an
early work investigated injection where the jet and
the ambient fluids were of different denmsities.
Their modification to the gross volume flux equation
(I1.3) manifests itself in a density correction

factor as follows:
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In the above analyses, the consideration is
given to the free turbulent jet pictured in figure 5§
above. In such a turbulent jet, the velocity
profile at the origin is nearly uniform. From the
origin outward, there are three distinct regions of
the jet: (1) the potential core, (2) the
‘transition regiom, and (3) the fully developed
region. The center of the potential core region is
referred to as the core. At this location, the
fluid has the same properties as the fluid issuing
from the nozzle of the jet. Still in the potential
core region, but moving laterally from the
centerline, 8 free shear layer must be encountered.
In this area, the fluid smoothly returmns to the
ambient conditions, This potential core region has
been seen to exist about four to five nozzle
diameters downstream of the jet. It is this type of
information that becomes useful in the analysis of
the data of this investigation as a guide to give
some rough idea about what to expect.

The second region is the transition region,
immediately followed by the fully developed region.

It is typical for the transition region to dissipate
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ten nozzle diameters downstream of the injection
location. Of course, these estimated distances
depend largely on the initial conditions of the jet
as it issues from the nozzle. After transition has
occurred in the second region, the jet remains
turbulent.

2.2 Jet Injection into a Non-Accelerating Medium

In studies involving & single jet introduced
into a non-accelerating cross flow, it is typical
for a round jet to be issued perpendicularly into
the oncoming flow with what is considered a uniform
velocity profile. Also, it is generally considered
typical for the cross flow duct to be of constant
cross sectional area to eliminate acceleration. As
the jet moves outward from the nozzle, a complex
deflection begins to occur. Figure 6 below

jl1l1uostrates this typical injection configuration.

Figure 6: Injection configuration for a non-
accelerating cross flow.
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In an attempt to nuuuwn-quouu describe how the
'"jet bending’’' is taking place, a number of
different mechanisms have been identified and can be
considered. First, as the jet issues from the
nozzle, it can be vieved as a slug of fluid, even a
rigid cylinder, that has associated with it a
coefficient of drag, nu.guu As the dynamic pressure
of the cross mumt begins to exert force on the
*?¢ylinder’’ of fluid, it begins to experience &
drag in the direction of velocity of the cross flow.
Immediately, of course, s ''bending over’' of the
jet begins to appear. As quickly as this occurs,
the drag force vector forms two compoments: one
tangentially along the deformed jet and one normal

to it.

TANGENTIAL

P, DRAG FORCE
——————
CROSS FLOW
ome————
——— NORMAL
DRAG FORCE

1

JET

Figure 7: Jet bending due to the drag mechanism.
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Another mechanism which is sattributed to the
complex bending of a jet injected perpendicularly
into a cross flow is jet entrainment. As the jet
penetrates ountward into the cross flow, it pulls
along with it particles of fluid belonging to the
cross flow, due to the frictional force apparent
there. As these cross flow particles are entrained,
so, too, is the momentum associated with them.
Since the momentum doonrn of the cross flow is
perpendicular to that of the issuving jet, it follows
that this becomes a mechanism responsible for the
direction change of the jet. This momentum
transfer, in other words, <causes the jet to acquire
a velocity component in the direction of the cross
flow.

The third mechanism is related to the first and
second in that it considers the jet to be a
cylindrical slug of fluid, snd gives some physical
meaning to entrainment. In this mechanism, though,
one looks more in-depth at what occurs fluid
dynamically as fluid passes over a cylinder, Most
obviously, there is a high pressure area where the
cross flow impinges upon the issuning jet. Secondly,
a low pressure wake forms downstream of the cylinder

as the flow detaches., The cross flow, then, will



15

begin to flow in the direction of the favorable
pressure gradient, or into the low pressure region
behind the jet. This actiom sets up A pair of
vortices, causing the jet to become kidney-1like in

shape as seen in the figure below.

g
/v

jl\.

Figure 8: Vortex pair formation in a jet.

This indunced vortex action is held partially
responsible for the entrainment that occurs in cross
flow injection situations. Platten and Kefferlzs]
show that the increased spreading rate associated
with this injection configuration is attributable to
this vortex pair formation as well.

Just as the free jet was disassembled into its

three basic regions, the single jet in a cross flow
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can be similarly viewed. This type of jet also has
three principal regions, the first of which is
referred to as the potential core and is based
mainly on the jet to cross flow momentum ratio dbut
is also somewhat dependant on the jet Reymnolds
number based on initial jet nwnsonanmnuu.

The next region identifiable is downstream of
the potemtial mono and is fully turbulent.
Vorticity produced by the cross flow negotiating
around the cylindrical jet gives rise to the
formation of the vortex pair within the jet, giving
it 2 kidney shape while average jet velocities begin
to diminish toward the ambient value rather quickly.
After 8 relatively short distance, the jet
trajectory becomes nearly parallel to that of the
cross flow, This zone is commonly referred to as
the '"zone of maximum nomuoonwou.lanau or the
*'curvilinear uono...mnqu

In the third zone, the '"far field nouo..;uaH
the two vortices are literally overrun by the cross
flow and subsequently swept downstream at
velocities nearly that of the cross flow, although
such conditions are reached asymptotically.

Additionally, the amount of circulation appears to

decrease as one moves downstream. This zone is
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Xnown to exist up to 1000 nozzle diameters
downstream, Again, these statements serve as crude
spproximations of the reverse flow combustor because
they do not consider acceleration of the cross flow,
but a general idea of what to expect is presented.
The most successful modelling of a jet in a
cross flow includes some consideration for jet
entrsinment. In this vnmom,mwuoduuwou on related
works, some of those are presented now. m-uauou
developed an interesting model for the jet
entrainment., For this fluid mechanism, he suggested
an entrainment coefficient, E. Using this
coefficient, the development was takenm further, and

an entrainment velocity was defined as follows:

n u u u » N:N
Ve, = EGabs(V; - V)) = E((Vy, - 2 + v, .5

(11.5)

In a2 turbulent jet, as mentioned sbove, mass
flux within the turbulent regiom increases by
entraining the surrounding fluid as progression
downstream occurs. In accordance with Kamotani and
mnovouﬂuau. and vsing the coordinates of figure 8,

the rate of increase of mass flux is given by:
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dag = p*1*V, (I1.6)
a3

where p is the density of the cross flow, 1 is the
perimeter of the turbulent region, and V° is the
entrainment velocity, or the velocity with which the
turbulent front is advancing into the cross flow at
a particular §.

Equation IYI.5 shows E being used as a
correlation coefficient for the entrainment velocity
that uses the vector difference between local jet
and local cross flow velocities. The value of E was
found to fall in the range of 0.4 to 0.5 for Vj/V
ratios ranging from five to 20, This correlation,
however, is intended for a uniform area cross flow,
and begins to break down under acceleration,

Hoult et 31[13] show an asymptotic solution for
jet trajectories compared to experimental values st
varionus velocity ratios. From this investigation,
yet another description of entrainment velocity was
developed. In this correlation, the description of
entrainment is dependant upon the difference between
local jet velocity and the parallel snd normal
components of the cross flow velocity. It contains

two entrainment coefficients.
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_JET
v v, A~ CENTER LINE

CROSS FLOW ,

Figure 9: Diagram for Hoult's entrainment equation.

The correlation developed is as follows:

V., = NMA<u - Vcos{(©)) + mNA<mwua¢v Auu.qu
The values for E4 and E, are w»<ob as 0.11 and 0.6
respectively for a velocity ratio ranging from one
to ten.

In a similar development, Kamotani and

[14]

Greber constructed a mathematical relation

depicting entrainment velocity which is also
dependant on c¢ross flow velocities both tangential
and normal to the jet nn-ufowcuw. In this
development, however, the value of jet velocity used
was taken as the maximum value of fluid speed in a
given normal plane instead of the average jet

velocity as had beenm in earlier investigations.

Their relation is written:

R - Vcos(®)) + mN<uwunov (11.8)

jmax
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where © is defined in figure 9. The 4-dou,om mw
and E; were seen to vary with ckhkanging jet to cross
flow momentum ratio, J. For instance, with J =
15.3, E; and E, were found to be 0.07 and 0.32
respectivley. As J was increased to 59.6, mu and mN
were found to be 0.067 and 0.182 respectivley.
Incidentally, Kamotani and mnncnnauau showed that
for a single jet, a decrease in the channel height
did not bhave a considerable affect on the trajectory
of the jet unless the opposing wall was brought so
near that the jet impinged on its surface. They
also show that imcreasing momentum ratio caused
increased penetration of the trajectory into the
cross flow,

In addition to the above statements concermning
perpendicular jet injection, numerous other studies
have been done using a wide array of experimental
techniques and theoretical approaches. As an
overview, some of these will be stated here. Chien
and movonnaqu sctually took the time to solve the
three-dimensional Navier-Stokes equations and energy
equation written in terms of vorticity, velocity,
and temperature. Specifically, they solved the

single jet perpendicular injection into a cross
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2.3. Two-Dimensional Jets and Multiple Jets

In a jet engine combustion chamber, it is
typical for jets to be wnuoonmn wr rows thet
normally run perpendicular to the length of the
combustor. In this work, the study of multiple jet
injection is conducted. Therefore, it bDecomes
important to scanm quickly some related jet
investigations to get a notion of what to expect.

As spacing between a multiple number of jets in
a row decreases, the behavior of the row becomes
increasingly similar to that of a two-dimensional
slot jet. >Hvounuouﬂnu showed both theoretically
and experimentally, that in the case of a free slot
jet, the velocity is a function of the reciprocal of

the square root of the distance from the jet:

V, « 1 T (I1.,9)
4172

Cte

Also, spreading of the jet is a funmctionm of the
square root of the distance from the jet injection

point:

b = s . (I1.10)
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continues to decrease. In the following diagram,

@@
@

Figure 10: Schematic of vortex interaction

each kidney shape represents a single jet. Each
shape contains two arrows indicating the vortex pair
associated with each jet. Upon examination of the
effects on jet two above, one can see that vortex 1B
has a downward effect on jet 2. Vortex 1A, however,
bas an upward effect, but since the distance from
vortex 1A to jet 2 is larger than the distance from
vortex 1B to jet 2, the resultent effect is a
downward tendency. The effect of the vortices
associated with jet 3 on jet 2 are identical to
those of jet 1 on jet 2. It must be noted, however,
in the 1imit as one decreases the spacing between
the jets, the vortex formation is hindered and the
effect described above becomes minimal. During

injection into a confined cross flow, as one
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decreases the spacing ratio and approaches the
geometry of a two-dimensional slot jet, a second
!oo&ruwua that has a downward effect on the jet
trajectory is defined. As the injected flow becomes
increasingly two-dimensional, the cross flow must
pass over the top of the jet and not between
individual jets . The resultant effect is a

supressed trajectory to allow the cross flow

sufficient area.

2.4, Reverse Flow Combustor Experiments

One previous study on jet injectiom imn a
reverse flow combustor is avaiable,. After
the presentation of descriptions of the physical
facility, experimental procedures, and relevant
parameters, conclusions from this study will be
summarized. In addition, in the presentation of
data from this work, nn-uoononwmu from the model
developed in the previous work will be shown and

compared to experimental trajectories.



CHAPTER 111

THE REVERSE FLOW COMBUSTOR:

THE APPARATUS, EXPERIMENTAL PROCEDURES, AND ERROR
3.1. Apparatus

For this experimental project, data was taken
from a 90° subsection model of a reverse flow
combustor. This model combustor was designed and
built exclusively for the purpose of performing
dilution jet injection experiments. Dimensions of
the combustor are similar to full-size rigs in
operation. Figure 11 shows a schematic of the
experimental rig fully dimensioned. From this
schematic, the aspect ratio of the aspparatus ,

defined as:

Combustor Channel Height

is calculated to be 7.125 for the primary zone (that
section downstreem of the fuel injectionm but
upstream of the turn) and 7.00 at the exit. With
such aspect ratios, it is expected that at the
centerline of the combustor, no secondary flows with

significance will exist. The primary zone of the

device is constructed from Inconnel-750X super
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Figure 12: Photographic view of experimental
apparatus
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of the 180° bend in the combustor. At this point,
nine burners are situated that deliver a mixture of
natural gas and air that is slightly fuel rich, The
mixing of air and natural gas for the premixied
flame occurs outside the combustor. Although each
natural gas burner has an adjustment to vary the
quantity of fuel delivered, no such convenience
exists for the combustion air delivery. It is
sssumed that anm equal amount of air is delivered to
each burner from the manifold-like apparatus that is
attached to the end of the combustion air delivery
pipe. Within the combustion chamber, the primary
cooling air is delivered from a series of small
holes that encircle each burmer., It is thought that
the hot combustion gas mixes with the primary
cooling air as it moves down stream. Once a2gain,
there is no indication whether or not each primary
cooling air delivery station is .experiencing the
same mass flux from the cooling air manifold., It
mey be seen later that this lack of information may
result in a skewed temperature or velocity profile
in the combustor before the turm and without
injection.

As was stated earlier, all of these

requirements are met by using & centrifugal blower,
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This centrifugal blower delivers air to four pipes
in a network. Each pipe is equipped with an orifice
meter to determine its flow rate, The natural gas
delivery is monitored in the same manner. Using
an >m=mmwu standard on orifice meters, calibration
cuarves previously determined were verified.
The pressure taps used in the orifice meters most
closely approximate the corner tap type. The
orifice plates used are sharp edged. The following
table shows pipe and orifice sizes used for the

experiment:

Pipe(in.) Orifice(in,)

Combustion Air 4,297 1.400
Cooling Air 4.297 2.418
Dilution Jet Air 4.297 0.904
Natural Gas 2.255 0.502

The procedure used to verify the calibration
curves unses empirical information. Required
information for this particular experiment includes
inlet pressure before the orifice plate, specific
weight of the flowing gas, orifice to pipe ratio,
and a correlation coefficient taken from >m=m—u_.
Bach of the orifice meters were calibrated in this

way, and each matched within 0.5% the calibration
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equations founmd inm the previous experiment,
Additionally, the following calibration equations

represent the resulting curves:

Combustion Air (Kg/s) = o.oouoﬂwi.ooavvu\n
Cooling Air  (Eg/s) = 0.0094(h, .o q)1/2
Dilution Air (Kg/s) = o.oounﬁrd.mwnvuxu
Natural Gas (Kg/s) = 0.0003(h y1/2

w,natgas

In the sbove equations, the values of v: are the
manometer resdings and must be given in mm of water
differential.

In a logical progression, the next topic to be
discussed is the data gathering capability of the
system. As shown in figure 13 below, a rake of
probes is attached to a rotating and traversing

mechanism,.

Rake

THERMOCOUPLE
™ DILUTION
UPPLY

AR " Fﬂln

Figure uuﬂncu" Cutaway sketch of the combustor



33

Using figure 13 as s guide, a radial movement
within the combustor is from wall to wall as shown
by the arrow placed beside the five-probe rake.
Azimuthal movement is an angular displacement
through the turn as shown by the curved arrow.

The rake of probes consists of 10 distinct
probes at five locations (spaced at 3.57 initial jet
radii apart). -As can be seen in figure 14, the
probes are located 0.50 inches (12.7 =m) apart
giving a total reake width of 2.00 inches (50.8 mm).
At each location exists s pitot-static tube, 0.167
inches (4.24 mm) in dismeter for the measurement of
total and static pressure from which velocity «can
be calculated. Tack-welded to esch pitot-static
tube is a chromel-alumel thermocouple messuring 0.01
inches (0.254 mm) in diameter for temperature
measurement of the flow.

Total and static pressure values from each tube
are routed to five individual pressvre transducers.
The transduocer used is Setft Systenms High
Accuracy model 239 for pressure ranging from 0 to
0.2 psid. An qxcitation voltage of 24 volts is
required to operate each device. The output of the
tiunsdncet ranges from zero to five volts and is

directly proportional to the input delta pressure.
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Appendixz 2 gives full details of the device by

presenting a factory specification sheet.

Figure 14: Pitot-Static/Thermocouple Rake
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Each thermocouple is routed to a switching box
and ultimately to a model 400A Doric Treadicator
digital temperature measuring device. The Doric
Trendicator is equipped with an anslog linearizing
circuit. This circuit reads the LED display of the
device and outputs & voltage in millivolts identical
to the number on the display.

Al1l éivc ttansducer outputs and the five analog
tempersture signals are thenm routed to anm IBM
personal computer, model XT. Since the signals are
sanalog, it is first mecessary to process thenm
through an analog to digital conversion system, The
system used in this case is the Labmaster model
manufactuored by Tecmar, Inc. This particular board
allows 12 bit accuracy. In additiom, it is possible
to channel the input signal through a programmable
gain so that it remains ss near full scale as
possible for the most accurate .conversions. The
software used to take and process the data as it is
converted or typed at the keyboard was written
entirely by this author. Additionally, programming
to output information as plots or in formatted fo:q
was written by this author.

The system also has some supporting apparatus

that should be mentioned here. A major component
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that was designed and built is a safety mechanism,
Its basic purpose is to halt the flow of natural gas
by closing an in-line electric gas valve when flame
blow-out is detected. The schematic below describes

the apparatus:

Vee
SWITCH _ ]
THERMO N\ RELAY
COUPLE .Al.. +
Vce, -
OP-AMP DIODE
R w

Figure 15: Safety control mechanism schematic.

Through the uvse of an ouon-n»@uun amplifier, a
comparator circuit was mouonnnonon. One input to
the op-amp is the voltage genmerated scross the
junction of a thermocouple, The other input is an
sadjustable voltage for comparison, When the
thermocouple voltage falls below that set by the
sdjustable one, the op-amp shuts down. This, in

torn, cuts current to the relay that controls the
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power to the natural gas valve thereby closing it.
Three DC power supplies are used in this
expoeriment, as well., One is used to supply power to
the safety control mechanism. The other two are
mounted in the transducer panel supplying the

required excitation voltage for them.

3.2, Ezperimentsl Procedures

WYhen one wants to ruom an experiment using the
model reverse flow combustor, one simply operates
through a computer and s series of computer
programs. This series of programs can be viewed in
Appendix 4, Found in Appendix 3 is a detailed
version of the experimental procedure imcluding
crucial start-up and skhut-down procedures. The
first general purpose of these programs is to create
a moans by which to acquire and store pressure and
temporature data snd ocalculate velocities.
Secondly, proper storage gives the sdbility to later
retrieve this information and print it so that each
experiment can be properly and easily identified.

With the IBM XT at the experimental site, at
the outset of each rumn, one must input relevant
informstion vis the keyboard. This information

typically characterizes the experiment in progress.
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Specifically, the folloving.nnst be identified:

1. Filename
2. The row in which jets appear, if any
3. The number of dilution jets, if any
4. The number of unused jets between operating
Jets .
S, Choice of azimuthal data taking incre-
ment.
6. Combustor pressure
7. Barometric pressure
8. Combustion air flow rate
9. Primary cooling asizr flow rate
10. Dilution jet air flow rate
11. Natural gas flow rate
12. Cooling jet temperature
13. Cross flow temperature
14. 8Six wall temperatures

The software saves these values for future
reference., Additionsally, fhe software performs all
the necessary conversions to metric units as well as
placing the manometer readings into the
corresponding calibration equations. After
displaying each calculated vu{no. a provision is
made for adjustments to the subsequent operating
conditions., If any are required, asll calculations
are re-performed. Lastly, the software then sets up
the data acquisition procedure. Automstically, five
delta-pressures are taken from the five pitot-static
tobes while temperature data is taken one
thermocouple at a time. After the set is taken,

velocity is calculated and appears immediately on
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the CRT, and the whole group is sent to the storage
file.

Since the azimuthal spacing increment through
the combustor is chosen at the time of experiment,
there is not a fixed number of dats point locations.
As an exsmple, however, if one chooses 20° as the
azimuthal increment (this was by far the most
commonly used increment in this investigation), a
total number of 76 rake locations results. With
five probes on the rake, this genmerstes 380 data
points. In the chapter ou,unououn-nwon of data,
these locations are identfied in detail. In
addition, dats point averaging and standard
deviation calculations will be discussed.

In the above discussion, radial rake movement
was defined., Figure 16 points out that this radial
movement is not really radial with respect to the
center of curvature of the inner wall or the outer
wall of the combustor. This is s result of the

probes extending into the flow 13 mm,

3.3. Experimenta] Preliminazies
As with any scientific investigation, there are
a group of important quantities that tend to

characterize the experiment. In this case, of
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course, pressure and tenpeftture measurements are
taken so that detailed temperature and velocity

fields can be examined within the combustor.

Y
X\
/”'z
Y\ 10 g " MEASURING
EXHAUST- STATIONS
Apma— .
JET
llr#)EASPON @ ROTATING — TRAVERSING
i PITOT-STATIC TUBE
- ]
FLow E THERMOCOUPLE RAKE
]
]
—_ NJECTION
1| 2\poNT © X
INJECTION START OF -
POINT B TURN SECTION

Figure 16: Combustor Coordinates and Neasuring

Stations[zol

Bowever, in addition, there are goveraning quantities
that provide nniqueness for each given procedure.

The first of these quantities is the density ratio,
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Dr, defined as:

P
Dr = jo

P

and is usually referred to as the ratio of the
density of the injection fluid to that of the cross
flow, In this investigation, this non-dimensional
parameter typically is about 2.15 or 2.75. These
two distinct values of Dr arise from using two
distinct cross flow temperatures., Specifically,
about 710°F (650 K) and 1020°F (820 K) are the
common cross flow temperatures, The dilution jet
injection occurs at room temperature, generally
somevhere near 70°F(300 K). From this information,
densities of both gssses are calculable through the
ideal gas equation.

For each density ratio, experiments can also be

characterized by momentum ratio, J, defined as:

2
v.._o <uo

p V2

This quantity is typically referred to as the
ratio of the momentum associated with the jot
initially to that of the cross flow, It typically

ranges from zero (no injection) to about 11.7. The
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cross flow velocity for this rig ranges from eight
to 12 m/s while jet injectom velocities are
normally between 12 and 22 m/s.

Thirdly, a characterizing parameter, injection

jet spacing ratio, Sr, is defined as follows:

Distance between jet centerlines

2b,

This variable in the operation of the combustor
allows one to examine the effect of bringing
individual jets closer and closer together, In
addition to this variasble, there is a wvariable
concerning injection jet locatioa. Imjectiom can
occur from the inner wall (the wall with the smaller
radius of curvature in the turn section) prior to
the bend or from the outer wall prior to the bend or
in the bend.

With these characterizing parameters, the
analysis of the acquired dats is more sensibly
sccomplished since detailed information is available
as to how the dilution jets compare with the cross
flow,

With the acquisition of temperature, total
pressure, and static pressure at five probe

locations, local velocity is calculated as follows:
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1/2
Z(PT - P')

v, =
P

This relation for velocity is found from the
Bernoulli equation. Of course, this assumes that
the measured flow is incompressible and suffers from
po frictional losses. In this investigation, MNa is
typically 0.02 for the cross flow and 0.05 for the
jet. VWith this information, it can be said that the
compressibility effect on the accuracy of the
velocity measuring device is negliglble for this
purpose. Also, since the Ma is much less than one,
it can be said that there is never a significant
deviation between impact and static temperatures.
One canm now effectively characterize an
experiment in the reverse flow combustor and have
confidence in the guantities being measured.
Presentation of the data from this experiment
is done in a variety of plots. Information plotted
on them are generally normalized temperature and
velocity profiles. The normalization for
temperature is derived from the pattern factor Pf, »a
parameter used to examine temperature non-uniformity
within combustion chambers. The pattern factor is

defined as:
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(Tpax ~ Teve!)

(Teave ~ Tjo)

Pf =

The normalized temperature relation used here is

defined as:

The normalization of velocity is as follows:

This normalization gives the deviation from the
cross flow velocity asnywhere in the combustor.
Cross flow conditions are the temperature and
velocity one finds at the first azimuthal messuring
station, midway between the outer and inner walls.
Figure 16 shows that the first azimuthal measuring
location is the one immediately before the turn
section,.

For purposes of plotting simplicity, the combustor
sketch shown in figure 16 was unwrapped, such that
the inner wall became a strasight 1linme, and the outer
wall became a mathematical curve moviag closer to
the inner wall depicting the srea decrease that

occurs in moving thtan;h the combustor. Shown in
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figure 17 is a set of radial normalized temperature
profiles characteristic of this combustor at the
lower Dr with no dilution jet injection tsken from
the center probe of the rake. The numbers along the
bottom corve (the outer wall) are the azimuthal
abscissae locations corresponding to those in figure
16. Looking closely at the first azimuthal test
location, one ;an identify nine tests points that
move radially from the inner wall to the outer wall,
The one nearest the inner wall is radial position
95, the next one toward the outer wall is 85 and so
on until one arrives at that point closest to the
outer wall which is labeled 15. As one moves
azimuthally through the combustor, ome can see that
the number of radial positions decreases, At the
exit, for instance, only five radial positions
exist: position 95 at the inner wall th?on;h
position 55 at the outer wall, "The area decrease
can be seen by noticing that the ouvter wall has
moved significantly closer tortho inner wall, More
specifically, there are nine equally spaced (1.56
initial jet radii) radial positions at azimuthal
stations one through five. Azimuthal station six
has eight radial positions, azimuthal station seven

has seven, azimuthal station eight has six, and
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azimuthal stations nine andlten have five radial
positions.

At the top of the plot is a set of information
that characterizes the particular plot. In this
case, we see Dr = 2.23 jdentifying the cross flow
temperature, and a zero J due to the fact that there
is no injection, ’nd sn Sr labeled ''no injection’’
to avoid confusion.

Upon examining the profiles themselves, one can
see that at each azimuthal statioa, the profile can
move to the right or the left of the abscissa (lines
drawn out by the probe tips during radial movement).
Moving to the right indicates a temperature that is
greater than the cross flovw temperature, MNoving to
the left of the abscissa indicates that the local
temperature has fallen below th;t of the cross flow
(and © bas dbecome positive). In the case of jet
injection, it is mot uncommon to ogservo profilgs to
the extreme left of their respective abscissae.

Examining figure 18, once observes a set of
normslized velocity profiles for the sa-c‘flo'
conditions as those for the temperature profile in
figure 17. The plot is identical except for the
magnitude of unity for the mormalized quantity. In

this plot, movement to the right of the abscissa
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indicates a8 velocity that is greater than the cross
flow velocity. Conversely, movement to the left of
the baseline indicates a velocity magnitude less
than that at the cross flow location.

Figures 19 and 20 make use of the five-probe
rake. These plots are referred to as lateral
representations of the flow conditions. Both
figures 19 and 20 indicate normalized temperature
profiles, but these can be made for velocity as
well. In the case of figure 19, represented is the
lateral span of the rake at one particular azimuthal
location and one particular radial positioan. In
figure 20, a three-dimenmsional view is constructed
by using all the radial positionms at a given
azimuthal stastion. As can be seen on these plots,
all the characterizing information is present
including data locations.

Each ''+'' gsign shown on the plots is a data
point. Each data point, as discussed earlier, is
constructed from variouns temperature and pressure
information. Ia this experiment, every temperature
and pressure measurement is actually anm aversge of
25 samples. The anslog to digital conversion
software is set up so that 25 samples are taken, the

average calculated and stored and the standard
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deviation calculated and pr;sentod. This method of
data acquisition allows the experimenter to obtain a
reasonable average from fluctoating conditioms. 1In
~ addition, the calculation of standard deviation is
helpful in the error analysis. Also, s growing
standard deviastion indicates some problem with the
dats gathering a?parntns and allows one to search
out the problem before it propagates through all the
data.
3.4. Presentation of Ezpected Error

Using a conservative error analysis clearly
documented in detail in Appendix 5, the following
errors are expected. The valoves listed are
percentages of the indicated quantity.

Temperature, T + 1.2%

Pitot-static pressure, Pp - P+ 4.2%

Velocity, V * 2.7%

Normalized temperature, < #* k.ss

Normslized velocity, ¢ + 6.6%

Nomentum ratio, J + 18%

Density ratio, Dr + 6.4%
On the data plof:. the error in T corresponds to +3
dats point vidtis. The error in vy corresponds to

40,25 dats point widths.
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CHAPTER IV

CONCLUSIONS FROM PREVIOUS REVERSE FLOV COMBUSTOR
STUDY
Prior to presenting dats and conclusions from
this investigation, a summary of the conclusions
found from the previous temperature studylla] is
given belovw, As a presentation of the model
formulated in the previous work, calculated édilution
jet trajectories are shown along with the
experimental trajectories of this work where
possible in the next chapter.
The summary is as follows:

1. Increasing demsity ratio gives rise to a deeper
penetration of the jet imto the cross flow.

2. Increasing momentum ratio gives rise to a
deeper penetration into the cross flow.

3. Inward drifting phenomenon jdentified due to
the nature of the flow accelerating along the
inner wall.

4. Longitudinal accelerstion suppresses single jet
thermal spreading rate.

5. Confinement effect, measured by the ratio of
channel height to initial jet diameter,

suppresses trajectory as spacing ratio

53
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docreases.

Smoothing of radial temperature gradients
occurs far before the exit.

Tightly spaced row of jets injected from the
ijnper wall attaches to that wall, shielding it
from the outer hot stream. Injection from the
outer wall penetrates deeply into the cross
flow and does not attach to the outer wall.
Very low momentum flow injected from the outer
wall tends to stay there through the turn.
Apparently, prop;r injection can result in a

desired temperature profile.



CHAPTER V

SINGLE JET INJECTION DATA AND CONCLUSIONS

In this chapter, s representative group of
single jet injection configurations vlllrbo examined
in detail by looking closely at radial and lateral
plots. To obtain a representative group, one must
l1ook at injection from the inner wall before the
bend (14.67 initial jet radii upstream, point A in
fiiure 16), injection from the outer wall before the
bend (14,28 initial jet radii upstream, point B in
figure 16), and injection from the onter wall into
the bend (5.53 initial jet radii into the bend,
point C in figure 16).

Enough information must be examimed so that
trends associated with changing momentum and density
ratios become evident. In this -section, spacing
ratio is not important.

Below, find observations from individual tests
with conclusions drawn from all of them at the close

of the chapter.

5.1 No Ipjectiop

To properly analyze the effects of dilution jet

55
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dominated flow attempts to megotiate the turm 1like
an irrotational one. For this to occur, a greater
scceleration at the inner wall with respect to the
outer wall is necessary. It is also thought, that
due to this greater acceleration, a drifting inward
of mass is expected to satisfy comservation of mass.
Lastly, pressure must incresse from inner to outer
wall to support the turning fluid.

Generally, to identify a temperature trajectory
of cool injected fluid, omne connects the minimum
temperature at one azimuthal position to the minimum
at the next, However, in doing this, one must be
careful to comnsider the profiléa with no injection
to avoid choosing an inappropriate maximum t. In
jdentifying velocity trajectories, onme connects the
maximuom velocities. In this case, one must clearly
consider the increasingly skewed profiles that
appesr through the turm section. .Typically, during
injection, one sees a velocity decrese downstream of
the wake created by the ‘‘cylinder’’ of fluid that
obstructs the flow. As one moves from the injection
wall, a jump in velocity is detected indicating
probe movement out of the wake and into s region
where velocities become greater than those expected

with no injection.



5.2. Low Momentum Ipjection—--Ounter VWall--Prjor to Bend

Examining figure 21, one can see that at
azimuthal station omne, all values of v are affected
except the two nearest the inner wall., These
positions are showing a temporature docrease, and
hence, a Tt increase. Radial position 65 shows the
maximum t; thereby qualifying for the trajectory
location.

At azimuthal station two, a significant
temperature decrease occurs at radial positions 45
through 95 with a maximum ¢ occurring at 75. This
shows movement closer to the inner wall.

At azimuthal station three, significant
temperature deterioration occurs at positions 65
vthtongh 95 with mazximum deviation occurrimg at
position 85, Azimuthal location four shows lower
tenpetntnrci st the inner wall with maximum <
occuring agian at position 85, showing the thermal
trajectory quite close to the immer wall.

Azimuthal stations from this point to the exit
show temperature decresses at the imner wall region,
but no maxims can be idontified. It can be said
qualitatively that the injection jet does migrate

toward the inner wall even at these locations, but
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due to mixing in the radial direction, a trajectory
is no longer meaningful.

Figure 22 shows the normalized velocity plot
for this case. As indicated earlier, at the
injection point, the jet acts as a flow obstruction
to the cross flow, causing a low pressure, 1low
velocity wake arduunna-l. As one exits from the
wake, one expects to experience a jump in velocity
followed by some velocity distribution within the
spreading jet. At the first azimuthal lmnuunwnu
station, one observes a significant decrease wr
velocity at radial positions 15 through 45, The
jump is observed at position 55 with the maximum
occurring at position 785.

At azimuthal station two, the jump is observed
agsin, with maximum y occuring at position 75.
This choice for the trajetory location is a little
less obvious. Position 75 also-shows the maximunm
positive deviation from that for the no injection
situation.

After azimuthal position two, some increased
velocities can be detected but trajectories are no
longer definable. In comparison to the temperature
profiles, these mrot a much less drastic change due

to injection. Trajectories are definable for a
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lesser distance downstream as well, Yhen one
considers a free jet as a very crude approximation,
one sees a deterioration in velocity proportional to
the inverse of the distance from the virtual origin,
giving velocities at the start of the turn section
slreasdy much less than that of the cross flow. With
this in mind, these velocity deviations seenm

reasonable.

5.3. High Momeptum Ipjection--Outer Wall--Prjor to Bend

Examining the temperature profiles for high
momentum injection from the outer wall (J = 9,74),
one observes that sl11 the radial positions of the
first azisuthal station are showing a temperature
decrease. The maximum v occurs at radial position
65, qualifying this as the trajectory position.

Radial position 85 shows the maximum
temperature decrease at the second azimuthal
station, while the brunt of the cooling seems to be
at radisl positions 45 through 95, near thp inner
wall, The indication bhere, agaim, is that the
thermal trajectory is moving towsrd the inner wall,

At azimothal station three, radial positions 6§

through 95 indicate'cooling due to injection. In
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then, is near the inner vnil at this point, but is
not technically definable.

Azimuthal stations three, four, and continsuing
downstream have smoothed so that no velocity

deviation is detectable.

$.4. Low Momeptum Iniectjon--Inper ¥sll--Prios to Bend
Ezamining the temperature plots shown in figure
25 for inner wall injection at J = 5§.80, one sees st
azimuthal station ome, s lazrge temperature docieise
in a1l radial locations but the ome nearest the
outer wall, Maximum t occurs at radial position 65,
labeling that position as the trajectory location.
Azimuthal station two exhibits a similar
varisnce from the mo injection profile with the
greatest tempersture deviation occurring at radial
position 75, nesr the inner wall. This indicates
that after a penetration into ihe cross flovw, the
jet begins to migrate back toward the inner wall.
Continuing with this thought, as one examines
azimuthal positions three and four, one finds that
mazimum t occurs at rsdiasl position 85 in both
cases. This shows s continued movement of the
thermal trajectory back toward the inner wall with

movement dowanstreanm,
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Further downstream, a definite cool region
exists at the inmer wall for quite a lomg distance.
In fact, more cooling at the inner wall with respect
to the outer wall is evident even at the exit.
Apparently, mixzing at the inmer region is less than
that at the outer wall.

Examining ihe plot of y shown in figure 26, one
should be avare of the profile for no injection.
Upon observance of azimuthal station one, the
expecfed wake is evident from the inner wall out to
radial position 55. Recall that for injection from
the outer wall, the wake region was located from the
outer wall toward the center. The expected velocity
jump does occur st radial station 45. This station
also serves as the trajectory location since it is
also the local maximum y.

Azimuthal station two indicates a similar
profile as above. Once again, the wake offect is
evident at the inner wall from radial positions 55
to 95. At position 45, one sees & peak velocity and
one that qualifies for the trajectory location,

After this point, smoothing of the velocity
profiles causes difficulty in identifying trajectory
locations. A quick observation here is that in the

inner wall injection configuration, velocity
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trajectories tend to deviate more from the
temperature trajectories than in the outer wall
injection case. Also, the velocity trajectory does
not migrate as perceptably toward the inner wall as

the temperature trajectory.

5.5. Hjgh Momeptum Ipjection--Inner Wsll--Prior to Bend

Figure 27 indicates st azimuthal position one a
significant temperature deterioration near the inner
wall. In this case, the maximum t‘occurz at radial
position 55, the first trajectory location. In this
higher momentum case, all of the temperatures along
the station have been lowered, giving rise to the
idea of greater penetration due to greater momentum
ratio,

Temperature profiles at azimuthal station two
showv a2 similar behavior but not gquite as skeved as
station one., Here again, all temperatures seem to
be affected, but not to the same degree as in
station one. The trajectory location is at radial
position §S§.

Azimuthal station three begins to flatten
somewhat, but a maximum is still observadble at
radial position 65. Even azimuthal station four

shows a maximum, also at position 65. After this
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position, considerable co§11n| is seen throughout
the combustor, although cooling at the inner wall is
much more pronounced. This set of profiles shows
that even at this elevated momentum ratio, a
migration tovard the inner wall is evident after s
deep penetration into the cross flow,

Radial velocity plots shown in figure 28 for
this injoction~ configuration show bebavior
consistent with the temperature plots. Upon close
examination of the initial azimuthal station, the
lower wake velocity is observed at radial positions
55 through 95. At location 45 a jump im velocity
occurs with y pesking at position 35. Positiom 35
is marked as the velocity trajectory position,

At azimuthal station two, the expected velocity
jump is seen near position 45 with the peak in 7y
occurring at radial position 35, clearly marking it
as the trajectory location.

Downstream of azisuthal stationm three, the
profiles begin to flatten out and taske the form of
those seen with no injection: a positive velocity

gradient sets up from outer to inner wall,

$.6. Low Momeptum Ipjectiop——Outer Wall-Ipto the Bend

This injection configuration differs from all
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those presented earlier in that it delivers dilution
cooling air from the outer wall 5.63 initial jet
radii downstream of the start of the turan section.

Upon examining figure 29, the most obvious
change is that the first two szimuthal measuring
locations are nearly unaffected by the upstream
injection.

Dramatically at station three, there exists a
highly skewed profile with mazximum v occurring at
radial position 35. Radial positions 55 through 95
show almost no temperature change whatsoever. This
shows that penetration here is limited in comparison
to the upstream injection locations. Obviously,
maximum t and the trajectory location are at radial
position 35,

Azimuthal locstion four shows significant
temperature reduction at radial position 55, thov
recognized trajectory position.: Note here that
temperatures at both walls remain near those
observed with no injection. Little spreading of
the jet has occurred by this azimuthal location.

Azimuthal position five, however, begins fo
show significant cooling along the inner wall, while
the outer wall remains at its previous temperature.

This serves as yet another confirmation of the
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migration toward the inner wall, even with s
relatively weak initial penmetration. At this
location, one can observe maximum < and
consequently the trajectory location at radial
position 78,

Surprisingly, at azimuthal station six,
trajectory location cam visuslly be located at
radisl position 75. In addition, significant
cooling can be observed from radial positions 35
through 95. After this azimuthal —oo-»wonM cooling
slong the inner wall is clearly more prominent, but
trajectory locations are no longer identifiable,

Figure 30 displays the normaized velocity
profiles for this low momentum injection from the
outer wall into the bend. PFirst, no effect is
noticed at the first tvo azimuthal locations. At
location three, one sees the typical velocity
decrease at radisl position 15 due to a flow
disturbance at the injectiom point. At radial
position 25, s marked jump in velocity to above what
is expected in the no injection configuration is
observed. Although no maximum y is seen, it is
likely that the velocity trajectory location is near

the inner wall,.

Azimuthal position four and those further
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downstream show no evidenmce of velocity
trajectories, with the profiles resuming the

typically irrotaional one of the no injectiom plot.

5.7. High Momentum Ipjection--Outer Vall--Ipto the Bend

The temperature profiles shown im figure 31
present results for J = 9,81, Just as in the case
of low momentum 1hje$tion into the turn section, moO
detecable change occurs at the first two szimuthal
;tations while the third sees a major temperature
decrease. Positions 65 through 95 appear unaffected
at station three, with skewing beginning at station
55 and the maximum t occurring at position 35. Note
that this trajectory, as well as all the others, is
marked on its associated baseline.

Azimuthal station four shows marked ikevin; as
well, with its maximum t occurring at rasdial
position 75, showing a definite -migration of the
high momentum injection tévatd the inner wsll.

Azimuthal locations five and six show an
increase in t as one moves toward the innmer wall.
In both cases, maximums occur at the radial position
nearest the inner wall (95) or at most, one position
sway from the inner wall (85). Again, this is

strong evidence suggesting migration toward the
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all the profiles, and make conclusions concerning
the general bakavior. In summary, the following
conclusions are evident from these profiles:

1. Vithout injection, temperature profiles show a
pattern factor within ressonable 1imits set up by
operational combustors. Generally, 2 1lovw
tenperntu?e region exists along the outer wall of
the combustor d;e to heat transfer through the
walls. Velocity profiles show a fairly uniform
condition at the inlet to the turn section. As the
inertially dominated flow attempts to negotiate the
torn like am irrotstional one, pnrticl?s at the
inner wall must accelerate with respect to those at
the outer wall., This gives rise to an increase in
_velocity at the inner wall with respect to the outer
wall. In addtion, an ares decresse through the turn
section causes am increase im velocity. As the
scceleration occurs along 'the immer wall,
conservation of mass calls for a movement of flwuid
toward this region. Also, pressure increases as one
moves from immer wall to outer wall ia the turn
section. |

2. The injection of cooling air at the inner wasll
before the bend, the outer wall before the bend, and

the outer wall inmto fho bend all cause significant
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changes in temperature and velocity downstream of
their respective injection locations,

3. The greater the momentum ratio, the deeper the
penetration into the cross flow according to both
temperaturs snd velocity profiles.

4. The greater the density ratio, the deeper the
penetraton into the cross flow.

S. Migration of the injection jet toward the inner
wall occurs during injection from all locations.
This indicates that the centrifugal effect of a
heavier fluid naturally moving toward the outer wall
of a turning channel is overcome by the pressure and
migration effects discussed in (1).

6. Both thermal and velocity trajectories allow one
to make the same statements concerning jet movement
in the cross flow, although they tatelf coincide.
for all szimuthal stations. |
7. Althoogh still qualiitatively consistent,
velocity and temperature trajectories show a greater
deviation from each other during injection from the
inner wall, The velocity profiles typically show a
deeper penetration and a slower return to the innmer
wall than the temperature trajectories. This is due
to the recirculation zome that is set up downstream

of the injection location., During injection from
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the inner wall the trajectory moves back through the
radisl positons associated with the wake region,
but further downstream,

8. During injection from the inner wall, cooling
and increased velocities are more apparent along the
inner wsll even at the exit givisg rise to the
conclusion that s jet injected from this wall
e;perlences less mixing due to its position.

9. Velocity and temperature profiles at azimuthal
stations nearest the exit for outer wall injectioﬁ
prior to the turn and in the turn are quite similar .
for similar injection conditions.

10. Lipshitzlls] developed a model to predict the
centerline of an injected jet from comservation
oquations and empirical relations. Three velocity
ln§ three temperature plots from those discussed
above have computed model trajectories marked on
them for comparison. Agreement is poor for all
cases except velocity trajectory from the innmer
wall., In this case, though, too few velocity
trsjectory locations are identifiable for a

conclusive comparison.

5.9. Laters] Distributions

Also plotted for various azimuthal locations in
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combustor centerline, Probe five is at the far
right and 7.14 initial jet radii from the combustor
centerline. Probes two, three, and four fall
logically between these two.

As indicated in the radial velocity plots,
combustor velocity is fairly insensitive to single
jet injection more tham two or three azimuthal
stations (40° to 60°) downstream of the injection
point. Therefore, only thermal plots will be used
for investigating lateral spreading.

¥hen examining the plots for low momentum
injection from the outer wall (figures 37 through
40), the most obvious change occurs in figure 37
(first sazimuthal station). Probes two and three
show a significant temperature decrease, while the
others remain relatively unaffected. This results
in a three~dimensional 1look to the plot, and
indicates that jet spreading is still quite limited
at this point,

At 60°, the plot shows the flow returning to
the condition seen in the no injection plot, where
decrease in temperature is detected inm going from
probe one to five. However, upon careful
examination, onme can see a definite increase in

temperature when nawuu from probe four to five,
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giving evidence that lateral spreading is not
complete. The plots for 120° and }80' show that the
temperature distribution bas returned to one similar
to that for no injection, indicating that spreading
across the rake width is complete.

The set of plots for outer wall injection at a
high momentum ratio (figures 41 through 44) shows
similar behavior to the low momentum configuration.
At the high momentum ratio, though, lateral
spreading seems complete at an azimutbal value of
60°, This is faster thanmn the low momentum
configuration,

Three-dimensional lateral plots for injection
from the inner wall at a low mowmentum ratio (figures
45 through 48) and at s high momentum ratio (figures
49 through 52) show similar behavior. In both of
these cases, lateral spreading does not seem
complete at 60° ., By 120°, however, profiles look
no different than those for no injection, indicating
that lateral spreading has surpassed the width of
the rake.

Finally, from the plots above, inmdividual
radial positions can be identified and plotted. Two
plots with low momentum injection from the outer

wall and two with high momentum injection from the
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inner wall are presented (figures 53 through 56).
In figures 53 and 54 one can see that the center
probe temperature regains temperature in moving from
0° to 100°® azimuthally., In this case, the outer
probes do not detect a significant change in
temperature. Figures 55 and 56 show similar plots
for high momentum injection from the inmer wall., In
this case, the center probe temperature also shows a
rebounding toward the cross flow value. The
outermost probes indicate a more significant
decrease in temperature this time, giving evidence

of wider spreading.

§.10. Additional Conclusions From Lateral Plots

11, Lateral spreading rate incresses with
increasing momentum ratio. This is in agreement with
the experiment by Kamotani and nnoconﬂw¢u.
12. Lateral spreading rate is greater for outer
wall injection than for inner wall injection. This
observation confirms conclusion eight above,
indicating that mixing is greater at the outer wall
region than the imner wall regionm.

In the following chapter, multiple jet injecton
will be considered. There, lateral plots will

become important -n-wl in the determination of two-
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dimensional bebavior of a closely spaced row of jets

and how this affects trajectory.



CHAPTER VI

MULTIPLE JET INJECTION DATA AND CONCLUSIONS

All of the introductory information that
pertains to single jet injection such as definitions
for v and vy as well as numerical values for pattern
factors apply here as well. Once again, as the flow
irrotationally negotiates the turm section,
acceleration of fluid particles along the inner wall
with respect to the outer wall occurs. From mass
conservation, a migration of fluid inward is
evident. Additionally, an increase in pressure is
experienced when going from inner wall to outer
wall to support the turning fluid.

As was true for single jet injection,
experiments were carried out at momentum ratios from
about 3.7 to about 11.7. Density ratios ranged from
about 2,15 to about 2.75. With multiple jets,
though, two more parameters become a part of the
investigation: spacing ratio and confinement ratio.
Spacing ratio, Sr, defined above, varied from 2.67
to 9.21, Each injection configuration was tested in
three spacing ratios: the smallest, followed by
double that, followed by triple that. Values for

spacing ratio differ from outer wall to innmer wall
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since injectionm ports are positioned omn rays
extending from the combustor centerline.

Confinement ratio, defined as:

Confinement Ratio = H /b

is 16.77 for injection prior to the bend and 16.95
for injection into the bend.

Data acquisition procedures, plotting
procedures, and trajectory identificationm procedures
are identical to those used in single jet injection.

Upon examing the data and conclusions from
single jet injection, one can see the effects of
changing momentum ratio and density ratio.
Therfore, it is unnecessary to present dats that
displays the effects of changing these parameters.
Instead, injection location and spacing ratio will
be the variables here. On each plot, though, two
trajectories are marked. One is that for the row of
jets, and the other is for the single jet for

comparison.

6.1. High Momentum Injection—-Opter Wall--Prior to Bend

This section contains informatiom omn three

different spac wuw. ratios for this flow
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configuration. First examining the normalized
temperature profile with the widest spacing ratio
shown in figure 57 one discovers as spacing ratio of
9.21, The profiles are inevitably similar to those
of a single jet. The trajectory location (maximum <«
is at radial positions 55, 75, and 85 for szimuthal
location one, two, and three respectively.
Comparing these locations to those found in simngle
injection, one finds that the obvious differemce is
a shorter penmetration, and a continued ''lower’’
trajectory. Even though some suppression of
trajectory is detected, a cooling region along the
inner wall is evident even as far downstream as the
exit.

The velocity profiles for this configuration
(figure 58) are also quite similar to the high
momentum single injection profiles. In this case,
the velocity jump at azimuthal position ome occurs
st radial positiomn 55. The !-nwlu! Yy occurs at
radial position 65. Looking closely at azimuthal
positions two and three, one can see that the radial
positions closest to the inner wall actually show no
change in velocity. However, at position two,
radial location 75 is seen as having the greatest

positive deviation from the no injection velocity.
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At position three, radial location 75 is indicated
as having the largest positive displacement from the
no injection velocity. Although these positions do
not stand out as definite local maximums, they are
likely trajectory locations by comparison to
profiles with no injection. Further downstream, one
can no longer identify with any certainty any
trajectory location, but a noticeadble velocity
increase along the inner wall is evident. From the
velocity trajectory estimates inm the unodwoum
chapter, one can see an apparent ''lower'’
penetration amounting to at least one radial
position.

Remaining at high momentum injection from the
outer wall, the spacing ratio is decreased to 6.14
by adding four jets for a total of 11. The question
to 2sk now is how does this affect the flow within
the combustor.

Looking at the temperature profile diagram
shown in figure 59, a marked increase in <t is
detected about midway between combustor walls at
szimuthal station onme. At radiasl position 55, <
peaks, pgiving the thermal trajectory location.
Similarly, position 75 at azimuthal statiom two

qualifies as the second trajectory location.
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Azimuthal position three becomes s little more
difficult to anmalyze since the maximum local <«
actually occurs at the endpoint (position 95). By
comparison with the no-imjection configuration, it
can be seen that the trajectory really cannot be
pinpointed. However, positions 75 through 95
indicate the most temperature deviation. It is
l1ikely, then, that the trajectory falls somewhere
between these two radial positions.

At azimuthal measuring station four, a peak is
again detectable as a trajectory location at radial
station 85, Marked cooling is detected downstream
across the combustor with the inner wall region
affected the most. In comparison with single jet’
temperature profiles, this spacing ratio does not
produce noticeably different results from the larger
Sr. The initial thermal trajectory location shows
some suppression. This mild suppression seems to be
carried downstream as well.

The velocity profile (figure 60) at azimuthal
station one displays the typical jump in velocity at
radial point 55. Position 65 is near the peak vy and
deviates the greatest from the no injection
configuration, giving indicaiton as the trajectory

location.



83

At both azimuthal stations two and three,
velocity trajectory locations are difficult to
detect. However, upon careful examimation, it
sppears that trajectories lie somewhere between
radial positions 65 and 95 due to increased velocity
in this region. The initial trajectory location
shows evidence of some suppression by sppearing one
radial position lower than in the single jet case.
Velocity trajectory locations downstream of the
initial one cannot be identified clearly enough, so
s statement concerning suppression in this region
cannot be made.

Once again, keeping with high momentum
injection from the outer wall, the number of jets is
increased to 21, producing s spacing ratio of 3.07.
This is the smallest value for this parameter for
jets injected from the outer wall before the bend.
Examining the normalized profiles for this case
(figures 61 and 62), trajectory suppression is
immediately evident.

The radial temperature profiles show a peak «
at radial position 25 for the first aszimuthsal
station. The second azimuthal abscissa shows an
obvious peak at radial position 45, Radial position

55 is the maximum v for azimuthal station three.
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These three trajectory locations marked on figure 61
show a significant suppression in comparison with
the single jet case. By the third azimuthal station
in the single jet case, the trajectory was
identified as existing along the inner wall. For 21
jets, though, the trajectory is located only st the
midpoint between the two walls.

Upon examining the velocity profiles, omne does
not find such a dramatic change in trajectory
location. At azimuthal position ome, the velocity
jump occurs at radial location 35. Velocities 5§
through 95 appear fairly uniform. In contrast, with
no injection, velocity increases in going from 55 to
95. The point with the largest deviation from from
the no injection profile is position 65, identifying
this as the location of the trajectory.

At szimuthasl baseline two, one observes the
velocity jump at radial position 585. Points 65
through 95 display an increase over the no injection
case, with no particular y exhibiting a maximum, It
is concluded that the velocity trajectory must fall
somewhere between radial points 65 and 95, with the
exact location unidentifiable.

Azimuthal station three is similar to two in

behavior with the trajectory 1locaiton falling
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between radial positions 75 and 95. As one moves
downstream, an increase in velocity is observable at
all radial locations. This behavior gives some
evidence of suppression, but nowhere near the
magnitude of suppression displayed in the thermal
profiles., In addition, with this large number of
injection jets (21), the increased mass flux is
indicated by the noticeably higher velocity as far

downstream as the exit.

6.2. High Momentum Injection--Inner Wall--Prior to Bend
Due to & probe problem, only pressures were
obtainable from the rake for multiple jet inmjection
from the inner wall, So that some statement counld
be made concerning the relative behavior of multiple
jets from the inner wall, temperature dstas was taken
from rwvqu»u—ku. This temperature data was then
used to calculate s local density which, in turn,
was used in the calculation of local velocity. Due
to probe geometry differences between the previous
temperature study and this stody, it becomes evident
that probe tip location for each case differs by two
to three millimeters, It is estimated, that as a

maximum, this could resunlt in a local temperature

error of 100°F near the injection point. This
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results in an additional error in local velocity of
about 5%, accordinmg to the procedure used in
estimating error in Appendix 5. The error in vy then
increases to about 19%. However, this still results
in a8 error band on the normalized velocity profiles
slightly less than the width of one dats point,.
Therefore, qualitative trends depicted by these
profiles nmsumu believable.

Following the same procedure as earlier, using
a high momentum ratio (9.68) and the low density
ratio (2.18), each of the three possible spacing
ratios are investigated. The injection of seven
jets results im a spacinmg ratio of 7.41, =
relatively large value. Normalized temperature
profiles seen in figure 63 show that at azimuthal
position one, the maximum Tt occurs at radial
position 75, indicating a shallow penmetration.

Azimuthal position two shows a maximum at the
same radial position. Strikingly, from azimuthal
abscissa three and continuing downstream, the
maximum t occurs at position 95, against the inner
wall. It appears as if the thermal jet trajectory,
then, is directed along the inner wall as well. In
comparison with the single jet thermal trajectory

for & similar momentum ratio, considerable
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suppression of trajectory is evideant, even at this
wide spacing ratio.

The velocity profiles, again in this case, do
not show such a dramatic suppression (see figure
64). The velocity jump at azimuthal baseline one
occurs at radial position 65, with the maxzimum
deviation from the no injection velocity occurring
at position 45.

Azimuthal station two shows similar behavior
with mazximum y occurring at radial positiom 55,
Station three also has a trajectory location at
position 55. Downstream of position four, increased
velocities across the combustor are detectable.

In comparing these velocity profiles to
temperature profiles for the same set of flow
conditions, one sees that they predict a much deeper
penetration thanm their thermal counterparts.
Bowever, in comparing them to the velocity profiles
for single jet injection, one sees that a suppressed
behavior is evident.

Decreasing the spacing ratio to 4.94 by
increasing the number of dilution jets to 11, onmne
would expect further suppression in accordance with
what occurred during injection from the ounter wall.

Exemining the first azimutbhal station of the
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temperature profiles (figure 65), one observes a
mazimum t at radial position 75. Position two shows
the maximum t at radial position 85, identifying
both of these positions as trajectory locations.

Position three and those downstream show the
maximum t falling against the inmner wall, showing a
suppressive behavior in comparison with the single
jet. However, this thermal trajectory suppression
is apparently no greater than the wider spacing
ratio configuration.

The velocity profiles shown in figure 66 depict
trajectories appearing at radial position 55 for the
first three azimuthal baselines. This, again, shows
suppression in comparison with the single jet, but
no appreciable difference from the 7.41 spacing
ratio. Also, as above, the velocity trajectories
indicate a deeper penetration into the cross flow.

By using 21 cooling jets, a spacing ratio of
2.47 is achieved. Upon examining the temperature
profiles in figure 67, one finds the most striking
change in profiles thus far. At all azimuthal
baselines, without exception, the maximum v occurs
at radial positiom 95, wumwo-nﬁnu quite a
significant suppression of thermal trajectory.

Single injection of the same momentum ratio normally
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produces a trajectory somewhere near the midpoint of
the combustor.

Examining the velocity profiles given in figure
68 for this flow configuration, dramatic suppressive
behavior is again detected. At the initial
azimuthal stationm, velocity is seen to peak at
radial position 55. Azimuthal position two shows
maximum velocity occurring at position 65. Position
three indicated radial location 75 while positons
four and five both show radial position 85 as the
location for maximum v. As can be seen by the
indicated trajectory for the single jet, these
profiles, too, show supressiom so great that
velocity trajectory as well moves very near the

inner wall.

6.3, Bigh Momentum Injection--Outer ¥Wall--Into the Bend

Again following similar procedures as above,
the first configuration to be discussed is the one
with the widest spacing ratio. Upon examining the
tempersture profile diagram in figure 69, it is
easily seen that injection occurs just upstream of
the third azimuthal station. A huge temperature
decrease is detected at this station, with v peaking

at radial position 35,
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Azimuthal station four gives the peak T at
radial position 75, indicating the trajectory is
moving toward the inner wall., Azimuthal station
four, then, depicts radial position 75 as its
trajectory location as well, while station five
indicates position 8S5. In comparison with the
single jet injectiom configuration, there is no
perceivable difference in penetraion into the cross
flow as is obvious during injection prior to the
turn section,

The velocity profiles in figure 70 are just as
difficult to interpret as those were for single jet
injection. Although not clear, radial positiom 25
is the likely location for the velocity trsjectory
at azimuthal position three. Even less clear,
azimuthal positon four indicates a likely trajectory
position as 75, the position with the maximum
deviation from the no injection configuration. In
sgreement with the thermal trajectories, these do
not indicate any suppressive behavior.

Adding four jets to the earlier sevem, one
achieves an Sr = 6,00, At the injectiom locations
prior to the bend, s decrease in spacing ratio
generally led to a suppression of the jet trajectory

in the cross flow., &uou examining the normalized
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temperature profiles in figure 71, one seecs the
skewed temperatures at azimuthal statiom three.
Incidentally, both temperature and velocity appear
unchanged upstream of imjectionm throughout the
course of multiple jet injection into the bend.

Azimuthal station three shows radial position
35 serving as the trajectory location by exhibiting
the maximum <. Position four also shows quite a
skewed profile with its maximum <t sppearing at
radial position 65, Both azimubtal positions five
and six show trajectory locations at radial position
75. With this trajectory, suppresive behavior is
becoming evident,

The velocity profiles (figure 72), as in the
past, show nowhere mear the dramatic change seen in
the temperature profile. At azimuthal station
three, the maximum local y occurs at radial position
25. The next szimuthal unrnwbu shows a clear
trasjectory location at radial position 75.
Downstream of this location, it becomes impossible
to define a trajectory. With the trajectory located
as it is, however, s slight supression of
approximately one radial positiom is observed.
Although some suppression is evident, migration of

the jet toward the inner wall remains intact.
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The final spacing ratio at this imjection
location is 3.00. It is achieved by injecting 21
jets. In figure 73, omne sees the first thermal
trajectory location at azimuthal station three is
found at radial positon 25. Azimuthal station four
shows the maximom Tt at radial position 45,
Downstream of this location, a trajectory is no
longer uomwuucno. Although cooling exists across
the combustor, one sees easily a marked increase in
cooling at the outer wall. The trajectory pointed
out by this set of dats shows a definite suppression
toward the outer wall,

The velocity profile seen in figure 74 is
similar to those observed above. Azimuthal station
three shows the velocity trajectory at radial
position 25, Radial position 65 is identified at
azimuthal positon four as the trajectory location by
exhibiting the maximum vy, Downstream of this
azimuthal statiom, the trajectory is mno longer
meaningful., However, with the trajectory showm, it
is easy to conclude the some suppression toward the
outer wall takes place., This suppression does not

stop the migration toward the inner wall,

6.4. Conclusions thﬂ.Zmanawuom

Radial Profiles
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To this point, a representative group of tests
examining the effects of spacing ratio have been
closely examined,. Each test was looked at
individually. At this time, it is important to make
some general statements concerning these tests:

1. As was expected from HmquwnuHuwu. trajectories
determined from velocities generally show a greater
uoaonnunmwu into the c¢cross flow than those
determined from temperature. This seems to be a
result of the recirculation zomne set up uoduunnoJB
of the injection location by the issuing dense jet.
2. This deviation increases as spacing ratio
decreases since the low pressure recirculation zone
becomes more pronounced as the jet bDecomes
increasingly two-dimensional.

3. Injection from the inner wall shows penetration
into the cross flow, followed by a migration back
tovard the inner wall., As spacing ratio decreases,
this penetration becomes suppressed. At miminum
spacing ratio, the maximum ¢ occurs at inner wall
without exception.

4. For injection from the outer wall, ome can
identify migration toward the inner wall as well,
Agein, as in the single jet configurations, this is

attributed to the drifting and pressure gradient
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lateral plots were produced, making nuse of the width
of the rake. As in the single jet case, since
velocity two or more szimuthal stations dowanstreanm
of the injection point seems somewhat unaffected,
n&oro plots make nse of temperature distributions
only.

Injection from the outer wall at the higher
momentum ratio amd wide spacing ratio is represented
in figures 75 through 78, At the initial azimuthal
station (0°), once observes the three-dimensionality
of temperature at that point. Since the set of
injection jets do not continmously spanm the
combustor width, cross flow has the ability to flow
inbetween them, thereby causing little or no
suppression, as observed experimentally.

Examining the lateral plots further downstream
(60°, 120°, and 180°), a degree of three
dimensionality remains, even at the exit, This
shows that the spacing is in fact wide emnough to
allow the cross flow to penetrate between them.

As one examines the tight spacing ratio (J =
3.08) for #w-v,BOBounuu injection from the outer
wall (figures 79 throuvgh B82), one observes
immediately at 0° that the flow is nearly two-

dimensional. By 60°, the flow is clearly two-
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dimensional, The two figures showing downstream
locations again show uwﬁnuo.ou no change laterally
from probe one to five.

From these lateral plots, the suppression of
jet trajectory can again be attributed to the low
pressure recirculation zone that forms downstream of
the injection location. This region is more
pronounced during injection with small spacing
ratios becsuse, as shown here, because the the row
of jets causes the cross flow to pass over the top.

Kamotani and mnovnnauAu

show a suppression in
trajectory with decreasing spacing ratio until
spacing ratio falls below about two or three. At
this point, the issuing jet acts nearly like a slot
jet and the trajectory shows less suppression. In
this experiment, spacing ratio evidently canmot be

decreased to the point where suppression begins to

deteriorate.
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expected empirical information on entrsinment, all
of the necessary components are available to carry
out a careful investigation to produce s semi-
empirical model for a single jet as well as a rowv of
jets.

From these experiments, then, it can be seen
thatinjection from the outer wall allows cooling at
the inner wall due to the migration effect. This is
practically useful since injection from the outer
wall is more easily carried out., Since migration
toward the inner wall is evident, cooler
temperatures and higher velocities can be developed
there. If cooling of the outer wall is desired, the
leakage of cooling air from the ounter wall injection
pofts at low momentum ratios will result in a cool
region along that wall.

Compact reverse flow combustors are a viable
alternative. Flow conditions within them are
predictable, and desirable modifications can be made

through dilution jet injection.



CHAPTER IX

DATA PLOTS

The following pages contain all of the data

plots described and referred to above.
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Figure 40: T, Low J, Outer Wall Prior to Bend, 180°.
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Figure 48: T, Low J, Inner Wall, 180°.
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Figure 52: T, High J, Inner Wall, 180°.
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Figure 53: T, Low J, Outer Wall Prior to Bend, 0°, lateral spreading.
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Figure 54: 1, Low J, Outer Wall Prior to Bend, 1000, lateral spreading.
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Figure 55: T, High J, Inner Wall, 0°, lateral spreading.
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Figure 56: T, High J, Inner Wall, 1000, lateral spreading.
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Figure 57: T, High J, Outer Wall Prior to Bend, 7 jets.

9et



MOMENTUM_RATIO:
DENSITY RATIO:

6
|

9
!

SPACING RATIO: 9.2l

FILENAKE: Matfiles\1973

) |
0@ ==

¢

¢

D

¢

¢

®

- - - -

- - [y LS = J

—

Trajectory Centerline

1w

O Mmiltiple Jets

O Single Jet

NORMALIZED VELOCITY = 1

Figure 58: <y, High J, Outer Wall Prior to Bend, 7 jets.
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Figure 61: T, High J, Outer Wall Prior to Bend, 21 jets.
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Figure 65: T, High J, Inner Wall, 11 jets.
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Figure 71: T, High J, Outer Wall Into Bend, 11 jets.
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Figure 77: 1, High J, Outer Wall Prior to Bend, 7 Jets, 120°.
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Figure 82: 1, High J, Outer Wall Prior to Bend, 21 Jets, 180°.
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APPENDIX 1

PARAMETER CALCULATIONS

Velocity is caiculated from the Bernoulii equation

v = [_2_:_:3}1/2

where AP = pltot-static pressure difference

sity of oncoming fiow.

2.

Momentum ratio cailcuiated as

\F

= P jet " jet

pv2

J

where p.V are cross flow conditions.

mlet

sV =
fet Area jot

[% ] jet [A_:h;]

jet
2AP

Sod o=

Density ratio is caiculated as:

p = den—
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P
Dr =_ie.£
N

Or = [F!:T' ] Jet
()

Other parameter caiculations are straightforward. and need no addi-

tional explanation.
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SPECIFICATION SHEETS
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Properties and Characteristics

-ACN NUMBER RANGE

m Iow uublc Hmit lor PIM Static Probes depends on

y of the d ice used with the probe.
A dmmmul pnuun of 1”7 of water, ior example i3 about
the minimum that can be o with 1% y with
ordinary slant gauges, so the lower limit is approximately
al &8 Mach Number of o 08 ov a velocity of 70 ft/sec for air
ot dard I There is no minimum
Mach Number |ov the wu iteelt. The upper limit is st
sbout Mach 0.95 for the tote! pressure reading and 0.70 for
the static as shown in Figure 1. The ststic reeding is ac-
curate to 0.5% 10 & Mach Number of 0.50 and t0 1.8% up
to Mach 0.70. At this point the calibration becomes ematic
due to the formation of focal shock waves on and sround
the tip of the probe and the resding can vary as much as
10% with slight changes in flow conditions or proximity
to solig boundaries. Above Mach 1.0 both the total and
static readings vary sdly from true stream valuves
but they can be corrected theoretically.

YAW AND PITCH ANGLE RANGE

# the fiuid siream is not paratie! to the probe head, errors
occur in both total and stetic readings. Thess are the most

mportant errors in this type of instrument becauss they
.esnnot be corrected without taking independent resdings
with another type of prode.

vaw

‘l\"%:‘j
PITCH PROBE

Figure 2 shows the errors in total and static pressure, ve-
locity, and weight tiow st various yaw and pitch angles.

Note that yaw and pitch angle affect the resdings exactly
the same. The errors in total and etatic pressure incresse
quite rapidly for sngles of atteck higher than 5°, but they
tond to compensate each other 80 the probe ylelds veloci-
ty and weight tiow readings sccurate to 2% up to angles
of attack of 30°. This is the chief advaniage of the Prandti
dosign over other types.

BOUNDARY EFFECTS

The static pressure indication is sensitive to distance from
wum Fumammmnmm
the | at & Mach Number of 0.25.
mummmybmuvmunmwm»
otlerates the flow and decreases the ststic pressure on
one side. The curve shows that static readings should not
be taken closer than S ude diameters from a boundary for
1% accuracy and 10 tube diameters is safer.

REYNOLDS NUMBER RANGE

Pitot-Static probes are not ¢! tfected by Reynolds
Number o:eop! at nfy lov Mocm« Therefore, in liquids
where Moch Numb are ab their calibration is
subatar Y t at all velocith

The minimum Reynolds Number for the tota! pressure
measurement is aboul 30 where the characterislic length
h "\o dlumctov of the impact hole. Below this vatue the
P P b higher then the
stream | t p due tovi ity etfects. This error
e only no“mblo in air under standard atmospheric con-
ditions for velocities under 12 fi/sec with impact holes
0.010" diameter or less.

TURBULENCE ERRORS

Pitot-Static tubes appear 10 be insensitive to isotropic
turbulence which is the most common type. Under some
oonditions of high intensity, large scale turbulence which
make the angie of atteck at a probe very over a wide range,
the probe wouid presumably have an efror corresponding
to the average yaw Or pitch snple caused by the
turbulence.

TIME CONSTANT

The speed of reading depends on the length and diameter
of the pressure passages inside the probe. the size of the
pressure tubes to the manometer, and the displecement
volume of the manomaeter. The time constant is very shon
for any of the standard tubes down to 1/8" diameter; it in-
creases rapidly for smalier diameters, howaver. For this
reason 1/18” 0.D. is the smallest recommended size for
ordinary use - this will take 15 to 80 seconds to reach
oquilibrium pressure with ordinary manometer hook-ups.
These tubes have been made as gmall as 1/32" 0.D., but
their lime constant is as long as 15 minutes and they
choke up very sasily with fine dirt in the air stream. i very |
omai! tubes are req . it Is pret ie 10 use sep
fotal and static tubes rather than the combined total-static
type. Where reinforcing stems are specitied on small
sizes, the inner tubes are enlargnd ot the same point to
ensure minimum time constant.

instalistion information

Probes are instalied in the fiuld stream with the impact
hole facing upetream, the head paraliel to the How direc-
tion and the stem perpendicular. Types PA and PB (Fig.4)
are well sulted to mounting on thin-walied ducts where
the probe s 1o be inserted from the outside. Typee PC and
PO (Fig. 5) are desioned with removable pressure take-offs
for ingtalietion from within the duct, in thick-walied ducte
where 1t is not practicai to make an insertion hole of diam-
oter sgual to the length of the probe tip. Figure 6 shows
fimiting lengths and diameters for installation.
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“SETRA 5YSTEMS,INC.
HIGH OUTPUT
PRESSURE TRANSDUCERS

LOW RANGE
PRESSURE TRANSDUCER
Ditferential Pressures: 0-2£0.01 psid to 0-100 psid
(Reference pressurs: dry NON-COrTosive gases)
Auumm:o-iuu.o-sm

Features

¥ instant warm-up
® High output: 5 voits
or $2.5 volts
« 0.03% Repeatabdility
® 0.1% Hysteresis
® 0.1% Non-linearity
® 0.01%/°F Thermai effects

® 0.02% Output noise - S
® Fast response. fess than 1 millisecond

® Withstand high overpressure
® Many options, including remote control

Description

The Model 239 is a complete pressure transducer system
for sccurate measurement of low pressures. The unique
Setra slectronic circuitry is combined with a rugged
capacitance-type sensor in this transducer. The high
output usualiy requires no further signal conditioning

The pressure medis may be compatible liquid or gas.
The reference pressure media must be clean dry &ir or
non-condensable gas. (The reference chamber for
sbsolute pressure units is weid-sesied at high vacuum).

The high levet output signal, excelient stability.
combined with fast dynamic response make this
transducer well suited for many industrial, laboratory,
and aerospacs applications requiring the highest
sccuracy. This unit ditfers from Model 2NE, in that the
Mode! 239 is carelully compensated to minimize both
2010 and sensitivity shifts due to environmental
temperature variations.

Fyge 0001
Rt LY

gt

A e
, i1 TR ISR 5.0
Ditte ”

Prossure:
reforence pressurs. Relerred (0 ss{pounds
(SWterential) or peid.

Absoiute Pressure: Pressure messured relative 10 high
vacuum. Reforred 10 88 OUNTS PO SQUEre inch (absohAe)
or paia.

—

s
per squere inch

45 Nagag Perk, Acton, Messachusetts 01720 / Telephone: (817) 2831400

Applications

o For highest sccuracy, obtaining very mgh linesrity.
low hysteresis, fast dynamic response, very small
temperature stfects. insensitivity to motion and
vibration, and high stabdility.

o For high sccuracy applications whers low power
consumption, instant werm-up, and smal! size are
needed.

® For accurste low absolute pressure (vacuum-weided
reference chamber), and for low ditferential pressure
messurements when the reference pressure is clean
dry air or gas

s Standard units for most applicstions connect directly
into most A/D converters. Can be sttenuated to match
low level indicators, scanners, and loggers.

o Many options listed on back page for special
instrumentation needs, including remote control.

o Replacing low output strain gage type transducers
and associated signal conditioning. getting higher
sccuracy at much lower cost.

Construction

Setra's patentedt variable capaciiance sensors spproach
the ultimate in design simplicity. A stainiess stee!
dinphragm and an insulsted electrode form @ variable
capacitance. As the pressure incresses, the capacitance
changes. This capacitance is detected and converted toa
Knear d.c. electric signal by Setra’'s unique elecironic

Low Pressure and Abeoisie Pressure

Low range pressurs sensors heve 8 thin stretched
stsiniess steet disphragm positioned cioss to the
slectrode. Positive pressure moves the diaphragm toward
the slectrode, increasing the capacitance. High positive
overpressure pushes the diaphragm sgainst the slectrode,
thereby providing high positive Overpressure protection
Higher Pressure

Higher pressure range 5eneors have an insulated
electrode tastened 10 the center of the diaphragm,

1US Patert 3,509 578

Segryglemw
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Pressure Ranges Model 239 Specifications

Unidirectional differential 0100.02, 0.2, 1. 5, 10, 20. 100 psid.

Bidirectional ditferential 01020.01,01,05,25,5, 10, 50 psid.
Absolute pressure 010 1,5 psia.
Positive pressure medi Gases or liquids compatibie with stainiess steel, hard anodized 8061

sluminum. Buna N “O" ring. (Stainiess stesi in place of sluminum
©On special order).

Reference pressure media:
Ditferential pressure Clean dry air or other gas. (Non-corrosive, non-condensable).
Absoiute pressure Vacuum sesied. no reference pressure needed.
Pressure fittings 1/8” - 27 NPT, internat
Excitation Power Nominal 24 VOC, 8 milliamperes (0.25 watts). 22 to 30 VDC.
Reversed excitation protected. Internal regutation minimizes effect
of excitation variation, with <30 02% FS output change Will operate
on 26 VOC aircratt power per MIL-STD-704A and not be damaged
by emergency power conditions
Zero pressure output Internaily adjustsbie 10 Omv. Factory set within +20mv.
Output impedance <10 ohms.
Non-linearity <+0.1% fulf range output (best straight line method).
Thermal affects Operable 0°F to 175°F,
Zero shift (30°F to 150°F) <21%FR/100°F(<+2% for 0.02 and +0.01 psid).

Sensitivity shift (30°F 1o 150°F) <21%FR/100°F(<22% for 0.02 and £0.01 peid).
Volume increase due to F.R. pressure 1 x 10% cu. in

Natural frequency 2000 Hz nominal.
Output noise <200 microvolts RMS (in band, 0 Mz to 10K Hz).
Warm-up shift (typical) <11% total. <+0.2% resicusl shift after 5 minutes.
Electrical Connection 2 foot multiconductor cable.
Weight 8 ounces
Maximum Working Pressure Pressure Range of Transducer  Operable Line Pressure
0.0t and 0-0.02 psid Near Ambient
20.1, 0-0.2 psid and higher Vacuum to 250 psig
Proo! Pressurs, Acceleration Response, Hysteresis, Full Range Output:
Frossure Renges Poutive | Nepeive  Raspores parp “FR Voits DC
Cow Preasure
.25, A FAS «0.0002 @1%T 0tk £28
by ng‘ég.'i? f |%Lso¢~ - ada =rnu- <0.0002 Dwr  0wS
Higher Pressure
A 2 05 1% Oto 228
g::io'.n ig :-'g ﬁ:: 3;: :.ts P> Otos
:m‘g.vlu o 30xFR <0 0002 <01% Ot0s

Notes. (1) Proo! Pressure. The maximurm pressure that may be apphed without changing performance beyond
specitication (<0 S% FS zero snN)
) For 201, 0-0 2 psict and hegher ranges. up 10 1OODRFR proof positive pressure On BPece! order

m&u:onwzmwmm:.:mmowﬁ By Tnoed B on speciel order
4 be Ll het (VD 40 0.2%) ranges C 10 10 ped. 0 10 25 pe
&;Mdﬂm‘nmwmmummum.mywm

Electronic Circuilt Information Out!l_ne Drawing

Four-terminal equivalent circuit. either negative excitation or
negative output should be connected to case Unit calibrated stthe
factory with negative excitation connected to case.

Options:
Remote calibration ﬂo:;!. Specity percent full scale or adjustable.

2010 P i
Aemote sensitivity adjustment
224 VOC or 215 VDC ground rek i (A o
referen

ced output). N Du new
15 VOC. 12 VDC, 10 VDC excitation. {lower output voitsge) RE R
Non-stendard output level {(maximum 0-10V) 2 ropme
mssted lempersiure renge ~85°F 10 4250°F. (Typica empersture -y
effects 2u standsr 9
© intrineic safety design. (Class 1, Div. 1, Groups C and D).

Ordering Information

Order s Model 239 p e tr 8
Specify pressure 1. , noting differential preasure, or abso~
iute pressure, desired slectrical output, and desired options.

[ X X N ]

B Y TR

ST

Al @mansions are in inches

Speciicalions subyect 10 change without not«ce.

&]!la
&—_ 45 Negog Park, Acton, Messschuaetts 01720 / Telephona: (817) 263-1400 E‘m

L3}
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APPENDIX 3
OPERATING PROCEDURES
1. START UP & SHUT DOWN

START-UP AND SHUT-DOWN INSTRUCTIONS
for the
REVERSE FLOW COMBUSTOR
Revised July., 1982

START-UP

1. Verity the operation of the hanging electrical outiets.

2. Plug power supply. ignition system. and temperature indicator

into the outlets.

3. Move biower main electrical switch to the "on" position.

4. Check to see that the °primary cooling air® vaive is closed.

5. Open ‘“dilution jet air® vaive to 1 cm differential to prevent the
fiow of hot air into the biower.

6. Check to see that the main and small natural gas valves are

closed.

7. Set automatic gas shut-off system to “off® position.
8. Set 3-way natural gas vailve to “upstream to main valve® posi-

tion (pointer to the left).



10.

n.

12.

13.

4.

15.

16.

17.

18.

19.

20.

21.

171

Set temperature indicator to monitor central probe of the rake.
Supply power to the pressure transducers for deita pressure ac-
quisition.

Start blower by depressing the “on® button located on the re-
mote control unit. ‘

Supply combustion air at 0.018 kg/sec (40 mm H20).

Check to see that the exhaust system Is open and the ejectors
are operational.

Set the automatic gas shut-off system to the "manual® mode of
operation.

Open the small natural gas valve (allowing flow to the central
burner only) and supply gas to the ignitor at 20 CFH (as indi-

cated on the small flow meter).

Activate the ignition system by depressing the right switch and
then the left switch.

Listen for the sound of igniting natural gas: verity the ignition
by monitoring the central probe temperature.

increase the flow rate through the smail natural gas vaive to 25
CFH.

Open large natural gas vaive. supplying gas to all burners at
0.001 kg/sec (18 mm H20).

Listen for the sound of ignition at the remaining burners.

immediately supply primary cooling air at a rate of at least
0.065 kg/sec (55 mm H20).
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22. Switch the 3-way natural gas vaive to the "gas manifold® posi-
tion (pointer to the right).

23. Cilose smail natural gas vaive.

24. Take out ignition system plug from the hanging electrical outlet.

25. The combustor is now in the °“operational® mode. Keep flow
rates within the "operational zone® while adjusting them to pro-
duce different temperatures.
Do not exceed exhaust temperature of 1292°F (700°C).
Do not exceed beﬁd wail temperatures of 932°F (500°C).
Do not force the scanning mechanism. If it becomes immov-
able due to thermal warpage. aliow it to cooli, thereby relieving
the stress.
Do not over-tighten dilution jet plugs. Close only siightly more
than hand tight.

26. Set automatic gas shut-off system to the "automatic® position.

SHUT-DOWN

1. Close natural gas main vaive.

2. Allow blower to continue running untii the wall temperature has

dropped to 140°*F (80°C).
3. Shut down the blower by depressing the °off” button on the re-
mote control unit. Close all air valves.
4. Move automatic gas shut~off system to “off” position.
5. Move blower main electrical switch of “off® position.
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B. OPERATING PROCEDURE
if using a muitiple probe. call program sectry 2. bas.

Before beginning. if pressure transducers are to be used. call
trantes. bas. Upon running it will ask for a channei number.
Channel numbers zero through four correspond to transducers one
through five. The act of typing a channel number and returning
causes 25 pressure measurements to be taken., and the average to
be calcuiated. The last number In the column is the average.
Write it down and save it for each transducer.

Load your choice of program for muitipie or singie probes. It
will first ask what the zero values for the transducers are. it will
then ask for a jet raw location. Number one is the location furthest
into the turn. number two is the second run in the turn. number
three is prior to the turn outer wali., and number four is prior to the
turn inner wall.

The next question asked is how many operating dilution jets
exist. Answer with the appropriate number. Following this. answer
how many non-working jets exist between each set of two operating
jets. The next question asks which azimuthal increment is desired.
Answer with 1 for 10 degrees. 2 for 20 degrees. etc. The follow-
ing two questions ask you to name an introductory file name and a
data file name. Do so.

Following that. manometers must be read for the various flow
rates. The program will then ask you to enter values and pres-
sures. The units are usually mm water differential and are men—

tioned in each question. Required entries are: combustor pres-
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sure. combustor air flow rate. natural gas flow rate. dilution jet flow
rate. and barometric pressure.

Following pressure input. one must key in cooling jet tem-
perature., cross flow temperature. and six wall temperatures
(numbers five through ten) in degrees F.

Tne computer will give you back all of the input parameters in
Sl units, and ask you for your first temperature. Locate the probe
where it asks (should be radial position 95, and zero azimuthal de-
grees) . press button 11 on the Doric trendicator and press F5 on
the keyboard. On the Doric. keying F5 on the computer after
each. After 15. the pressures are ali automatically acquisitioned.
their values printed along with the caiculated local velocities. The
computer will then tell you where to locate the probe. Do so. Re-
peat the above procedure.

To plot out data radially. choose laspimpt. bas for temperature
and laspimpv. bas for velocity. The program wili ask for introductory

and data file names. Supply them and the piot will be made.

C. Thermocouple Locations

THERMOCOUPLES

1. Right Burner
Middle Burner

Left Burnekr

Lol A\

Straight inner Walli



10.
11
12.
13.
14.
15.
16.
17.

18.

inner Wall at Middle Bend
Outer Wall At Exit

Outer Wall at Middle Bend
Straight Outer Wall

Side Wall at Middie Bend
Side Wali at Exit

Rake

Rake

Rake

Rake

Rake

Jet Injection Port

Exhaust Port

Single Probe

175
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APPENDIX 4

COMBUSTOR SOFTWARE
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1. SECTRY2.BAS--Data Acquisition

1¢ DIm TFEL2S;
S Dlm ZERGIS
60 INFUT "zerc(Qr“i ZERG((?
Tu INFUT "zerctl:"% ZERG(L)
INFUT “zero«D)"s ZERO(Z:
G0 INFLT "rerotIiMi 2ERLITD
100 INFUT “"zerct4)"; ZERD\4;
DIM T(4,5, 1€
CIir Fi4,5.156:
140 LiM V(4,%.16:
150 Ti0 1.0 = 100:T(1,1, 0} =100 T2, 1,0 8100:T(3,1,0=100:T(4,1,0) =100
151 T(1.S,% &= (060
152 T(Z.9.0) = 00
T TiZ,5,0) = 160
134 T(4,5.0) = 100
J& Fio.1.0E12%4,. 5 F(1,1. 0021234, 5 F (2,1, =10T4. 51F (3,1, =1274. 31F (3.1, 0. =107
4.%
170 VO, 1 o ®11.11IV (1.1, 011,11V 1, M=13,11:VI3,1.00=11,212V4,1,07=11.11
hI-DONS W
4S5 INFLT "14 applicable. what i1s the et row locationtl to 4)“"iJL
455 INSUT "Number of operating dilution jets’s NOJ
46 TNFLT “Number OF 1€.§€ LeEtwein Operating jetsluse -1 for single jet arnd no .
L )
£70 1F JL = 1 THEnw SF1 = I ELSE IF JL = I THEN SR1 = 3.05 ELSE
IF JL = = THEN SK1 = T.07 ELSE IF JL = & THEN Ski = (.47
47S RCM Row ORe Starts @t higheést outer wall location with rows two and three
progresiively ¢t lower positions on the cutside wall. Row tour 1ncluCes
diluticiv jete o the anner wall.
42 1NEUT ket @fsacthal iheresént 00 you wish: 3, 1.5, . T. e &3 ~1
L. iF gl ot oo TMEID FEIGT O ILLEGw. INCRENENY": GLTJ 48
427 F1il. “Recel! thet 1 = 1 Heg.. 1.5 = 15 deg., etz
437 RE Y Rece.l thel Te' s O&grees aZ:muthal position refers to prowe position
$uliv 1n conbustor. Alel, racial positiorn %S refers to probe pusilaus
at 1te fully & tended pos:tion &t the cuter wall.
T INFUT "Whet f1lé rnare and number ¢or i1ntro. irdprmation”: FI1s
4%% INFUT “What f1le name and number for data"i FDs®
487 OFEN F1$s FOR DUTFUT AS #!
455 OFEN FL$ FOR DUTFUT AS 6O
50 INFUT “Combuctor Fressure (gage) in mm of water-FR"t FR
£o0 INFUT “Combustior ARir Flow Rate 1n mm wate- differential-mcr™;i MCR
=~ INFUT "Cooling fir Flow Rate 1n mm water diéferential-mi.R"; MLR
540 INFUT “Natural Gas Flow Rate 1n mn water diééerential-MGR"; MGF
srs IF NJ I =1 THEN INFUT *Multiple cilution jet ¢low rate 3n mn water differcr
ti1al-msyr*: MSJIF
o0 IF NJ = =1 THEN INFUT "Single Jet Flow Rate ir S.C.F.M.-ms r”: M5CK
=70 INFU1 “Barometric Fressure in inches of Hg-BFK"; EFR
£72 INFUT "Cocling Je: Temperature in degrees Farenhei1t-TIR"i TJk
=74 INFLT "Cross Flow Temperature in degrees Farenheit-TR":i TR
%60 INFUT "Wall Temperature in degrees Farenheit-TS": TSK
=90 INFUT “Wall Temperature in degrees Farenhei1t-Té":i T6F
600 INFUT “Wall Tengerature in degrees Farenheit-T7":i T7R
517 INFLT “Well Temperature in degrees Farenheit-TE": TBF
&20 INFUY "Wal) Temperature in degrees Farenheri-T5%; TSR
650 INSUT "Wall Temperature i1n degrees Farenheit-Ti10"i TICR
70 FRINT “PARAMETER VALUES GIVEN BELOW IN DESIRED UNITS ARE DESIG:~TEL Ev MiD-
IF1ED VAF.IRBLE NAMES AS FOLLOWS: FR BECOMES F, TR BECDMES T, ETC.”
M. = ,Q03#(SOR(MCR:): FRINT "mc = * MC " Lo /sec”
M o= LO094# (SDR(MIR)): PRINT “mé = " Mt " Lg/sec”
M5 = 0008 (SCR(MGF)): FRINT “mg = " Mb " kg-sec”
1IF NJ 2+ =1 THEN M5J = (.001208)#(SOR(MEIR)) /NCI: FRIKT “"mey = © FBS "ig e
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77T IF NI = -1 THEN MSJ= MSJIReS.23007E-04: FRINT “msj = “ MSJ * kg/sec”
T5 REM Lines 710 to 730 are orifice meter calibration eguetions. These ano
other eguatiors in this section convert to desirao umits.
M =Mz + M + MC: FRINT "m = » 11 * kg/sec”
' BF = TTTI#BFR: FRINT “bp = * BF “ pascals”
F = BF + 9, 76&699eFR: FRINT “p = “ F " pascals”
T = 272.1% + (5/5)e(TR = 32): FRINT "t = * 1 " degrees telvin'

T = Z73.1%5 + (5/§)8(TIR - 32): PRINT *t; = " TJ " degrees kelvin®
TS = 272,15 « (5/9)«(TSR - Z2): FRINY "“tS = * 715 “ degreses lel.an®
T6 = 272,15 + (5/5)e(T6R ~ 32): PRINT “té = " To “ degrees Lel.in
T= = 272,15 + (591 (T7R - 322 FRINT “t7 = * T7 " deQrees hbelvin”
TE = Z72.1%5 + (S/9)#(TBR - 32): FRINT “tB = * TE " degree:s Lelvin®
16 = Z72.1% « (554 (TR - 32): FRINT “tS = " 79 " degrees helvir”

Ti0= T72.1% + (5/9)#(T10R = 32): PRINT “t10= * T10 " degrees ke&ivin®

" RO = F/(287«T): FRINT “ro = " R0 " kg/cubic meter’

ROJ= . (2ET+TJ3:: FRINT “roy = " RDJ * kg/cubic meter”

-V = M (ROe,025%:: FRINT "v = " V " meter/sec”

LAY o ML (RODI#T.FTAE-CS): FRINT “vy = “ V) " meter /sec”

FRINTY "The number of jets used for injection a1s "NOS

DR = RLI/RG: FRINT “Density ratio = "3

FRINT USING “"#.8#8°: DF

J = (FU2#e%deV 0/ (RO*ves: FRINT "Momentum ratic = "3

FRINT USING "e#.%& 5 J

5: = SF1x{NJ+1): FRINT “Spacing ratic = “i

S FRINT USING “##.88%": EK

S FRINT "Azimuthal ancrement, Al = " Al

FRINT “Intro andO mation 41le 18 named " Fl¢

. FFII.LT "Deta f1l€ 18 named " FO®

115 U7 “CHED: CALCULATEDL VALUES. IF ADJUSTMEKRTS ARE REJQUIRED. MAHE THEM
GIVING TIMD FOR CHANGES TD TAHE FLACE. WERE ADJUSTMENTS NEEDEL":ifr3

63, IF Fmt = “vez" THEN SuQ

1007 WhITE ®:.41.FI18 . FLS,JL NI FR, TR, MCR, M R, MBR,TIR, MEIR, BFR. TSR, T6H. T7R, TER,

Tohk. T 0k MLt MG NGE LT T TS T T TE, TS, TI0O,RO.RGS WV ST, VO DR I BRUES L1

Tpoltt rad angle tit t1i2 til ti4

RIT pit pic pic pl4
1070 FRINT® vil vig vil vi4
V18
108 FRINT
10 FRINT .

1300 FOR AZ = O T0U B STEF A
1150 FEM recall that 9 refers to radial position 93, S to I, etc.

1200w FOE Re = & TD 1 STEF (-1}
290 GOSLE &L
NEXT RA
. NEXT A2

FOR A2 = AZ TO 10 STEF Al
FOR R4 = § TO 2 STEF (-1)
GOSUE 6000
NET RA

NEXT &2

FOF &2 = A2 TOD 12 ETEF Al
FOR RA = & 0 2 STEF (~1)
GOSUE BN
NEXT R&

T NEXT AZ

FOF AZ = AZ TO 14 STEF Al
FOF R~ = @ TO 4 STEF (-1
GOSUB &0V
NEXT Ré
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RERT &2
Zius FOh &2 = &2 TC 16 STEF Al
Tion FUF. R4 = & TO & STEF (-1)
T4, 6USCE 6000
i Y NEzT Ré&
J1E. NEXT A

St END

DoRlG = LOeesT
RRL = (R& + .T:#10
FRNT = FNT + 1
FRINT UEING “#ae.
&0l FRING USING "#=,
6.07 FRINT USING “"®#&.
&10% BOSUE 7010 . .
611 REIM At thls locaticr one must 1nclude the commard to have the corputer

remnd the operator whach temper ature prote 18 being convertec.

0115 REM here iS where routine +0r gathering intdi.10ual temperature data wil
&3174 BITEJUE B0
6175 RE” Mere 1& where the algorithm for calculating velocity will go
&1-7 FOF VE. = O TO 4 STEF 1
Sid VIVEL RAGARDD = ((Cee500. 616 (ABZ (F IVEL RA. &2 i)Y ZIF/(2B72TIVEL.RAVAT D))
£313% NE»T VEL

e1S - FRINLT u3lnb "eas, *3 PRI
6o FRINT USING "#s. “3 Rali
&350 FRINT UEILE “was. "3 ANGT
C FRINT UEING "#ss, M3 TUDRAGAZ WY (I RALADI TS RAATY JTUT (RAGAD

RAGARID G

eTS . PRI uZins & L 1221 i FORAARIN
&5 FRINT USiN. s .&erse R FL:.RA.A:),Fl:.kA.Al).P(:.RA.A:).F(G.RA.AL/
&LT FRINT UB.HNS ™ “n, 0% " VUG RAAD
e FRILT ULING "#&. .88 "1 VL RAAD VIS RAARZ I WIS RAVARZY (VB RAE A
[R5 Fri'o®
ce . FRI'D
Lell b TP kL, FRNT(Rel LY R AL e Tl RR ALV TUD R RO T IT  RALRD
T omeBivams W F e FALAL LR UL REVAL . WFIDVRAL AL (T FRr A F L4 RARD

WAL R sl r v REAAT D VAT Re AL VIS URALARI VA KA AT
RETL®T.
RE! lenperature subroutane starts here.
crputine tD pereora teEngerature acquie:tion srom cabhnre. %
I8
AODHES: 44, 174
CREN Line Z1 gives & gair of B with value of 171
7060 OUT ADDRESS +3. ©
707 REM Line 40 desigriates channel S (Lemperature)
7080 FOR 1 = ¢ TO 4 STEF 1
7033 FRINT "t I+21 “7¢
7085 BEEF
7100 STOF
7110 FOR M1 = 1 TD 2% BTEF 1
7124 DUT ADDRESS <&, ©
2 REM Line 60 starts the conversion process
7130 K = INF (ADDRESS +4)
7150 REM Line 8C assigns status byte value to r. Below, if a bad conversion
encountered. 1t wi1ll attempt to convert agairn.
7163 1F R < 126 THEN 7160
7170 R = K ANL 192
7180 IF K = 108 THEN 721¢ EL5E 719%¢
T160 FRINT “Bal CONVERSION®: STOF
7220 BOTD 70%0
7210 REM Read data ¢rom board in line 7147 and 715,
T LOW = INF{ADDRESS + %)
T HIGH = INF(ADDRESS + &)

-

7

7240 KEM Eslow, we& are converting to decimal numbere.
7250 VALUET = 2%6#H1GH + LOW

Toel 1F VALUET » 32767 THEN VALUET = VALUET - 65570
7270 VOLTAGEY = VALUET/Z04.8

&
-
"

1l a.

Jo.

T

2E
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THFSL MI) = VOLTAGET+ (1000 /B

Y = r + TPSDMD)

NE:1 Ml

£ EEEF

FRINT "t»I+11 "=" X/(M1-1)

KEM Line 7375 has & convergion in it for Faren. to FeElvarn.

23 Tl Rem,R2) = X/(MI - 1)

FOR MlA = 1 TO 25 STEF 1

. FSZ = FSD «+ ((TESD(MIA) = T(IRAAZY) Z2)/{(20 - 1)

NE>T MlA

. 8U.1) = FED' .S

FRINT "Channel "11+1 * std. dev. is " SD(I)

T(I.RAAZ) = (5/6)8 (Ix/(MI-1) + AZG.69))

y =

Fsl' = ¢

NELT 1

FETURN

KREM Sutroutire tc perform A'D conve-siorn of charnels © through 4 in the
progper sEQuence. The board must be in the 1/D mapped mode. These
COrversiGre are for Pressure.

+ ADDREZZ = 1BU6

DUT ADDRESE + 4. 1730

e, RE!" Line B.T7¢ calls ge:n=4 since 1nput is O to S volts (ma. 3T m's!

. FDR CH = © TO 4 STEF 1

DUT ALDRESE + 5, CH

REM Line E25 decigrates chahnel number .

FOf. F31 = 1 TG 2% STEF 1

7 GUT ADDREDL + e ©

RE! Line 679 sta-ts cOmversicoh procEdureE.

. C = INF(ALDRESL + £

KRE!: Line ECE. essigne 4rom bosrc the condition of &latus bvte colicer ning
cor.ergior, Beiow, 1€ ar ureZieptable CO.versili SToUrS. thern the
Cm..Cé wial dlitennt the COlnE RICI, &3>.T0

1.& THEL B.5.
AL 162
= JTE THEn BiTC ELSE EID0
“EelL CONVERSION' ¢ STCF

; Blol

cas Cate $roc Doard below in langs 8i4U and BITO.

&:14:7 LG~ = INF (ADDRESS + S

615 HIGH = INF (ADDRESS «+ &

B167 REM Below, we convert to decimal valuee.

617¢ VALUEF = 2SoeRIGH + LOW :
L IF V&LUEF > I27&7 THEN VALUEF = VALUEF - 4552

VOLTAGEF = VALUEF/Z04.6

REM Calibration 18 O.1 ps1 per 2.5 volts of output.

CALIBRATION = ,1/2.5

F(CH.RA,AZ) = VDLTAGEF#CALIBRATION,4 - ZERDICH)

Y = Y + F(CHRAAD)

NEXT FI

F(CH KA AZ: = Y/(FI-1)

Y = 0

; NEXT CH

RETURM




S0 1nFLT "Wrat is the file niame and number for data": FDe
&4 OFEid Fls FOR INFJT AS #1
5. OFEN FD3 FOR INFUT AE #2
&% FRINT “ALL INFOFMATION NOT ADUIRED EY THE COMFUTER INCLUDINS THE INTRO-
DJUCTORY DATA IS RS FOLLOWZ:™
7o INFUT #31,AI1 . F1s FL®,Ju. NJ.PR.TR.HCR.H.R.HGR,TJR,HSJR,BPR,TSR.TbR.T?R,TBR.
T%E.TXDR,H:.HL.HG,N.P,1,TJ,TS.Te.T7.TE.T?.TlO,RD,RDJ.V.HEJ,VJ.DK,J,SE.
BF WNGJ
100 Lim T(4.5,16!
11 Lim F(4,9,18
120 LIm V4,9, 18
38 ST
SEY Lot
262 FRINT “The name ot the antro. anformation {112 18 “Fls
%4 FRINT "The rame of the data f1le 1s “FDs
5% FRINT "The chosen aiimuthal i1ncrement 16 * Al
266 FRILT "The row if which Operational dilution Jets appear is " JL
FRINT "The number of dilution j@ts in operation 1 “NOJ
FRINT "Tre number o+ jets betwee. OpeEration dilutiorn jete is " NJ
CBRINT "The cottustor @ags pressure 1n ma of water 1S " PR
FRINT "The combustor cross—flow temperature 1s " TR
FRINT "Combustior @it 410w rate 1f mm of water differertial 1& " MCR
L OFRINT "Cucling eir flow rate in mr of water differential 18 " MF
L FRINT "Natural ges f#low rate 1n an of water differential i1s " MGR
FRINT "Cooling jet temLerature 1n degrEes Farenheit is " TJIR
FRII'T “Single ge: fFlow rate 10 S.C.F.M, s ¥ MSJIR
FEI'T “Ee Guet:ac prescure 11 anches of Hy 3s " FFR
BF ' “hell tE e st e TOF in Cwl @e: Faresheit 1s “ ToF
CFFINT "He!l teape: avure TeF 1n ded ees Farenhelt 1§ " TeF
BRI "well tenpe: ature TTR in degrees Farenheit ie * T?R
L FRINT “hell teTpereture TER an degrees Farenhert as " TBR
L FRINT "hall tempereture TOR 1n degrees Farenteit 18 * TS
© FEINT "Well temperature T1OR an degrees Farenneat 1s * T10R
FRII-T "00.C.QOOOQ.‘O..IOOI.Q...OCOQ.OG.OQQI.."QCODQQQOCQQIQO.Q...O'CO.‘“
FRILT "noo.oocoooc-o-cooooooooo.ooac.c0.00000;0.00900’0’5005¢000:ooovﬂ;c"
FRINT "O..'QQOO’DOOCDQGQOQOGOOQOOI00000'00...000.’..0&60.00QQlOiQQ!l0.0I"
ERINT “THE FOLLOWING VALUES ARE CALCULATED FROM GIVENS AND INFORMATION SHOW!:
AEDVE. "
45 FRINT "COMBUSTION AIFR FLOW RATE: mc = "MC" bLg/sec”
5.0 FRINT “CGOLING ALR FLOW RATE: mt o= "M kg/eec”
510 FRINT "NATURAL GAS FLOW R&TE: mg = “ME" kg/sel”
€20 PRINT "TDTAL MASE FLOW RATE: m o= "M kg/secl”
£=o FRINT “AESOLUTE COMBUSTOR FRESSURE: p = "F" pascale”
=25 FRINT "CROSEZ FiOw TEMFERATURE: ¢t = "T" degrees helvin®
€50 FRINT "DILUTION JET TEMFERATURE: ty = "TI“degrees helvin®
56C FRINT “MWail TEMFERATURE T3: tS = "TS'degrees helvan”
€70 FRINT "WALL TEMFERATURE Té: te = "Té6 degrees kelvain”
=en FRINT “WALL TEMFERATURE T7: t7 = “T7"degrees Kelvin®
€50 FRINT “Wa.l TEMFERATURE T6: tE = "TR degress MEivain®
&0 FRINT "WALL TEMFERATURE T%: ts = "TS degrees bkelvin”
o1 FRINT “WaLL TEMFERATURE Ti1C: ti10= “Ti0O"degrees Lelvim’
&¢ FRINT "CROSS FLOW DENSITv: ro = "RO"ig/cubic meter
670 FRINT "DILUTION JET DENSITY: roy= "RDJ"Lg/cubac meter”
64. FRINT “CRDSS FLOW VELOCITY: v E "V'aneter/sec”
&% FRINT "DILUTION JET MASE FLOW RATE (@ach jet): mE® “MSJI"Ig. s@C”
66t FRINT "DILUTIDN JET VELDCITY: vy = "\VITmeter /sec”
&7C FRINT "DENSITY RATIOD: dr = “DR
66 PRINT "MOMENTUM RATIOZ i ="
633 FRINT “SFACING RATIO: sr = "Gk
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INFOUT2.BAS--Displays data in tables.

M&é1100h.

INFJT

"Wnet 18 the f1le name and number for intro.

information”

. REM this program is for accessing data files end printing out neeoced infor-

Fls
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we FRIWG "™
.4 FRILT "THE UNITS BELOW ARE KELVIN, FSI AND METERS/SECOND."
TOT FRINT o0
757 PRINT U
Tos FRING
750 FRINT "¢
T1o BRINT M

72 FRINT"pei1nt rac angle t1 t12 t1z ti14
t1Z"

STl FRINTT el1 piZ -39 pid
pis’

Ta FRINTY vil vlZ viZ v14
viCl*®

745 FRINT
TS OFRINT

g FOR &2 = 0 TO B STEF Al

€ FCGF R4 = & TC 3 STEF (-1)
[=Jag - BUSUE 2000

&0 NE?»T Ré& -

64 NEXT A2
B FOR A2 = A TC 10 STEF Al

Es FOR R = & TO 2 ETEF (-1/
&= GUIUE Zodd
gc NEXT R

7. KEXT A2
S FOF AZ = AZ TO 12 BTEF &

Gi. FCF R& = & T0 T ETEF (-1,
S BGUSJE ZW0
L] NEXT R~

$54. NEMT A
SE . FOF A2 = A2 TO 14 STEF &I

S FOf Ry = € TL 4 STER (=10
I BOozuUL Juas
5.0 HE . P

65+ Nir7 A2
- FOR A2 = A2 TO 18 5TEF &1
FL= R+
GOSUE
NEXT
s NEXT A
19¢0 END
000 INFUT #2.FNT,RAD.ARE. T (0 R&.AZ), T, RA,AZ) , TLZ.RALAD) J T3, RAAZ:,
T (4. RALAZ) JF IO RAAZ) LF 1 RA,AZ) P2, RA,AZ2) ,F IS RALKD) JF (A, RA AT .
VIO REAZI VI, RAAZY VIZ RAAZ) VI3, RA,A2) V4, RA.AT)

2010 FRINT USIKG "#&s. *3 FNT§

020 FRINT USING “#a, “3 KRAD;

00 FRINT USING "ene. "3 ANGS

20370 FRINT USING "#as. s TO,RALARI) . TU1.RAAZ),TIZ,RARZ) TS RA,ARZ) T4
R 6201

0% FRINT USING . 800 “; F(ORAR2:

2060 FRINT USING "#.6usd "3 F(1,R&,A2),FI(2,RA,A2),F(3,RAAZ) P LA, RAAT)S
2070 PRINT USING " L LIS 1] "3 VIO RAARLYS

2087 FRINT USING "##.##
2095 FRINT

2100 FRINT

2110 RETURL

C

3 VI1,RA,AZ) ,V(2,RA,A2),VIZ,RA,AZ) VA, RAAZIS
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3. LASPLMPT.BAS--Plots set of radial temperature profiles.

1¢ CLE
11w tE+ OFF
115 DI FNT (9, 18
125 LIM RRDUG.1E:
2% DImMm ANG (S, 1BD
o DI Ti4,.9.168)
% DIM F{4,2,1E)
147 LIrm v(4,9,.18)
S10 INFUT "What is the antroductory anformation filename”; FIS
43¢ INFUT “Wrat 18 the data f1lerame”: FD$
10 OFEN Fls FOR INFUT AS M)
610 DFEL FDe FOR INFUT AS 42
T18 INFUY 81,65 FI18,FL$ . JL W) FR.TR,MCR. M R, MGR, TIR,MSIR . BFR, TSR, T&R, TR, T8K, TS5
TIOR, ML M, ME. M, F . T,T3.T75,76.77,78,79,710,R0,R0J,V,M53,VI,DR.J, 5F.BF ,NOU

715 AID = AleiD

817 INFUT "What tvpe of plot ie this": FLTYFS
B1S FOF A2 = ¢ TO & STEF (AID.1C)

8l FOR R4 = & 10 1 STEF (-1)

| =3 GOSUE 00w

EIC NEXT RA&

EIS NEX1 AZ
b4 FOR K2 = A2 10 310 STEFR (RID. 10,

€4S FOF K& = © TO 2 BTEF (-1
&2 GDSJE L.
=< [ N

SLNE T &2
€oii FOF AZ = AL TO 12 ETEF (AID. 12

&el FOR R& = % TO T ETEF (-1)
€05 GOSUE Sucw
Ba™ NE2T R&

€70 NEXT A2
€72 FOR AZ = A2 TD 14 STEF (AIL/10)

&vs FOF FA = & TO 4 STEF (-1)
87¢E GRSUE S000
=] NEXT RA

BEIZ NEXT AZ
B85S FOR A = Al TO 18 STEF (AID/10}
687 FOR R~ = @ TO 5 STEF (-1)
889 BOSUE So0n
Bl NEXT RA
73 NEXT AZ
®10 CLS
1010 SCREEN I
1110 LOCATE 1, 30: PRINT “FILENAME: “ FD$
1210 LDCATE Z. 30: FRINT *MOMENTUM RATID:
1310 LOCATE 3, 3u: FRINT "DENSITY RATIO:
1325 IF NOJ = ¢ THEN GOTD 1425
1255 IF NGJ = 1 THEN GOTOD 1450
$48iC LOCATE 4, 30: FRINT “SFACING RATID: “§:FRINT USING "##.48":iSF
1411 GITO 1Z10
1425 LOCATE 4. 30: FRINT “SFACING RATID: “"§:FRINT "NC INJECTIONW':
1426 GO0 151C
145 LDCATE 4, 30: FRINT “SFACING RATIO: “i:FRINT “SINGLE INJECTION":
1451 GOTO 1510
1510 LOCATE S, J0: FRINT FLTYFS
1610 FSET (75,50
1730 DRé&W P35 1040"

: PRINT USING “"##.8%";J
PRINT USING "#§.#%';DF
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FOR &2 = © TO 1 STEF (&ID. 10
A2LOC = AZLLD + 1
FCR RA = © TO 1 STEF (-1
GISUE 6810
HE-1 ke
NErd AI
i 1S3 = i8S - (AIDe2+2.141T7L0T48.° 50
- FOR A2 = &2 TC & STEF (&KID/2100)
AZLOC = AILOC + 8
> BOEJE BRSO
FOr R= = § TO 3 STEF (-1
GLSUE 1240%
NE:T Re
52:C NE'Y A2
FOR &2 = A2 TC 1¢ STEF (AIDA1Q:
&0l = ARILDC + 2
GUSUF E7L
FOF Ré = 8 TO 2 STEF (-1,
GO3.k 1240t
NE:)T Fw N
» NE-T A2
FCR A2 & A2 TO 12 STZF tAIDA1G
RILGE = AILOD + 2
GLSJUL E-1 .
FUF Fm = §

TCL T STEF (-1

FOR Fe = & TU § STEF (-1
GaSJr 12405
NE>T R&

NEsT A2

LOCRTE 1.1.0

FSETi2%.,16.): DRAw"uT do ul K300 ul g6 ul LITww”: LOCATE

MALIZED TEMFERATURE = 1

4714 LOZATE 1.1,.¢

4720 ENL

St LOCA = LODCA +1

5005 1F ECOF (Z: THEN GOTO 857

R

FRINT

€310 INEUT 82, PNT(RAJAD) JRAD(RA.AZ) ARG (RALAZ) . T IO RAVAT) (TO1.READY (TIZ(RAGARDY

T RAGAZ) TR R, ALY JF (O, RAAZ) (F1,RAARZ) FI2.RA, AT F (T, RALLZ: F LA RALAZY,

CoeRm A2 WL RAATI VD RALA2Y JVIZ,RALARZ) VI4,RAAD)
20 RETURN
FOF THETA = O TOD .174s STEF ((1/360)e2el, 1415526544, 45
» XCOOR = (THETAe3+ST,.29T779518, + 73
Tl FSET(XCDOF. 16&!
Y110 FOR &1S = 0 TO .31746 STEF (AIDsZel. 14155926548, 2c?
Tlifo 21 = XCOOf. B
B » ¥7 = (loeesB) + I

']
v

7317 IF AES (THETA& - Al15:..001 THEN DRAW “ullé d11é": LOCATE YT, ¥T: FRINY AILLC:
YWa 1o/ 1600 # 1 100-RAD (R, A2) ) 4S0) S XV= (= (3008 (T(Z, RAAZ)I =T, (TI=T: 1+ XCODF - tFaL i

X YN IFBET (XV, YV=1) SFBET (X\V, YV+1) IFSET (XVe1, YVIIFSET (X /=1, Y\
TSIO NEXT RIS

Te1% REM 166 represe-ts starting ycoord at SU plus the primar, Icne wioth of

times its weighting factor of O
St E YT THETO
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7T THETA = ,2&17954
TTI0 RETURN

F10 FOF THETA = THMETA TO 3.1415926548 STEF (52435, 1415926544,/ 3560)
540 DELTA = 112981 - SINU(THETA) ) /81
Silv ALFHA = ATHIDELTA ((1 = DELTA 2).%52) .
3217 FE = (((17#C0S (THETA)#CDS(THETA) + Bl#CDS(ALTH~ 77 "TaETL" 2 o0
Tr:*3IN THETR: + BleZ0S (ALFHL) #SIN(THTTS TYATAR (T T T {THET &
STi¢ A = BeTAN'!THETA:

©310 X = (A - 138777 TUTTAN) D (B + 1TWBIM(THITA)) T - I€TSI:
o A B~

ST . R S PSR

R - N S

FTIn XCIZTT - (THETA TeS7.29TTTISING 4 7T

PLIT WITTN s (L - Te)eD + IO

cooWD o= YEDOR - EO
44010 FTCT(XSOOT, VOODS
1719 FDF 215 = S1EE TC Z.142 STEF (AIDs2#l. 1415525544 Ts%)
10T YT = YTOOFYE
7T VT o= (YCODT.UB: 4D
10207 IF ADS(THETA = AIE- .00 1 THEN DRAW “usyci d=yci": LOTATE YT,XT:
C:iTHETE = THETA + ,OB7Ze646 c#:BOTL 10620

YVISFSET (U YN =12 tFSET IRV YV +3 i tFPSET (XV+1, YV IFSET (XV-1,Y4")
RETURN

NEXT Al3

KEFT THETA

FE TURt

YVEL(L1e. 100 @ (1 uheRal (RA L AZ) I4S0) DXVRE (=~ (J00# (T(Z RARZI~TI/ (TI-

FRINT AZLUL

T+ XCOIF.
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4. LASPLMPV.BAS--Plots set of radial velocity profiles.

) DR s
11 +E OFF
HES < TR = ) IO =
120 DIM RAZ (9,18
125 DIt ANGIS.16:
170 LIM Tia.5, 182
S DI F(a.9.16!
A DimMm V(4,518
Zi0 INFLYT "What 18 the antroductory informatiorn filerame": FIs
4i1 INFUT "Wnat 18 the dete falename" s FDe
€17 OFLIs FI18 FOR INFUT AS #)
&10 DFE'l FDE FCFR OINFUT &> #2 :
T1o INTUT 81 A1.F18.FDS. I NOFR.TR.MZR. MR, MGR. TIR, MEJF BFR,. TSR, T&R. T7R,. TBR. TE!
. TIOF M M . ME.M.F T, TI.TE.TE, TP TE. TS, TI0O,RL,RSI . V. MSJ,VI.DR.J, SR, EF ND2
TIS AL = KIs10
Ei INFUT "What type oi glol is this*i FLTYFS
€% FOF kI = (& TO & E7E° (&Il 1T

el FOR Rév = & 10 1 BTEF (-1
puats GIBUE S0
ET NEXY Fum

TS ONEXT AL
Bdo FUR A =2 K2 TC 10 BTEY (AIDC2

€T FCF k- = & YU 2 ETEF -1
) bIsor &
- tie T F-
SUl il kI
g=. FUb Al = A 10 10 ETEER &RID 3
E.Z FOF fem = § TO 2 ZTEF (=10
Lol Gasut Swe

5¢ NE x7 ke
&§7C NEXT AZ

T2 FOF A2 = w1 TU 14 STEF (AIDS10)
875 FOR R = © TO 4 ETEF (~1)
&”¢ GOSUER S50
€8 NEXT K

BE. NEXT AZ

885 FD= AL = KZ TOD 16 STEF (AID1OL)

B&7 FOF RA = & TD T STEF (-1)

E87 GOSUE 000

B%1 NEXT R&

83C NEXT AZ

Si0 CLS

1010 SCREEN Z

1110 LOCATE 1, 30: PRINT "FILENAME: " FDs$
1210 LOCATE 2, I0: PRINT "MOMENTUM RATID: *
1319 LOCATE 3. 30: FRINT "DENSITY RATID: 3
2T IF NCJ = ¢ THEN GDTO 142%

13S0 IF NDJ = 1 THEN BJ70 1450

1419 LDCATE 4. S2: PRINT “SFACZING RATIO: “5:FRINT USING “#%.#8";SR
1411 BGOTO 15iC

182% LDCATE 4, 3¢: PRINT “SFARCING RATIO: “3i: PRIt
t4Ze¢ BOTU 1510

145 LBCATE 4. 39: PRINT "SFACING RATID: “3: FRINT “SINGLE JNJEZTION":
1451 GOTO 1510

15:0 LDCATE T, 30! FRINT FLTYFS

1610 FSET (2L, S0)

CMmas TR NS A E s S

33 FRINT USING "6#6_es";
: PRINT USING "%, #8":DF

T "NO INJECTION":

o
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1210 FOR A2 = O TO 1 STEF (A1D- 100
AZLDD = AILOC + 1
FOR R& = § TO 1 STEF (-1)
GOSUE eB1
NEYT RA
i NEXT m:
RISS = AIS - (ARIL#Zel.1415526544300)
FOR A2 = A2 TO B STEF (AID.1CY
ALLOC = AZLDC + 1
GOSUE 8510
FOR R = & TL t STEF (-1)
GOSUE 1240C
HNEXT RA
NEXT A2
FOR &2 = AT TO 10 STEF (RID. 1)
2L0C = A2LDC + 3
GISUF EBc1.
FOR R& = & 70 Z STEF (=1
GOSUL 12405
NE>T R&©
NE>T AZ
FOR A2 = AI TU 12 STEF (AIL. 10,
AZLDC = AZLCT + 1
GOSVE B=iu
FDF Rm = & TO T STES (-1
GO3UL 1240

NE:T RéA
NE>T A2
FUt k2 = A2 TC 14 BTEF (&I 2O
AZLOL = A2L0C + 1
GULSUE B31¢
FOR K6 = & TO 4 ZTEF (-1)
GLTL iI&0u

FOF A2 = K2 TC 18 BTEF (wID 10,
AILDT = AILLL =+
GISUE ESIC
FOR Ré = ¢ TO % BTEF (-1)
GOSUE 12405
NELT R&
NEXT A2
¢ LOCATE 1.1.0
&712 FSET(3%0.190): DRAW"WZ 0o ul R2S ul dé ul LI2S": LOCATE 2I.38: FRINT"NORPA
LIZED VELOZ!TyY = 1°
4714 LOCATE 1,1,C
720 END
L0000 LOCA = LDCA +1
S00% IF EOF (Z) THEN GDTD 8B7
S010 INFUT #2, FNT(R;.AZ),RAL(RA.AZ},ANG(RA.AZ).Y(O.RA.AZ).Y(].RG.AZ}.T(:.RA.AZ.
TS RALAZY, TR RA AL LFIO.RA,AZ) F L, RA, AT} F(S.RA.AZ) JFI3,RA,AZ) F LA, RAELAT) LV
U RALAZ) VII,RAA2) V2, RAARZ) 4 VIZ,RAAZ2) ,VIA . RA,RT)
S0z RETURN
&B10 FOR THETA = O TD .1746 STEF ((3/360)#2#3,.1415926T4%: +5
6910 XCOOFK = (THETA+3#S7.295779S14) + 20
70¢1¢ FSET (XCDOR, 166
7110 FOR AlS = D TC .1746 STEF (AID*Il+3.1431592¢540/ 2670
7210 XT = XCODR’E
T310 ¥T = (16e/B + O
24;0 IF ABS(THETA = AIS)..001 THEN DRA&W "ullsé gllev: LDCATE YT. XT: FRINT AILOL:
YW= 1116/7300) % (100-RAD (RA, K21 ) 450 I XVE(CLIVIZ,RALAZ) /A =1) 825 «XCOCR Y TFSET ( XV Y0
JIFRET XV, YV=1)IFSET(XV,YV+1) IFSET(XVei YV IFSET (xV-1,YV)
7510 NEXT AlS
610 REM 16& represents starting ycoord at S0 plus the primar, Zone width a¢ o
times its weighting factor ot =

-y A sw wimea
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=715 THETA = 2617554

7720 RETURN

B5iv FOR THETA = THETA TO C.181%7°6548% STEF (S#0e2,1415906548./567)

5031 DELTA = (13#(1 - EIN(THETA: }/B1)

G11. ALEHm = A1L(DELTA (11 = DELTA 217 .50

1 B o' L (1TeCOS (THETA) *CDS (THETR) + B1#C05 (RLFHA) #CDS I THETAY ) T + (1T#C0C
ThESINUIHETA + BIG:OSKALPHAJOSIN(THEYA:)“2)/(1AN\THETAfOTAN(1HET;? - 1)) .Y
g0 A = EBeTANITHETA)Y

Ga3C X = ({f — 1THCOS(THETA)I"Z + (B + 13@EINI{THETAY) 2 - &ISC2I/26

Foit oY = (8561 - (X - 1227105

So30 L = (X 2 ¢ Y I .5

6~31 XCDOR = (THETA#T#E7 . 295779518) + 25

451 YCOCF & (L = Te)«l. ¢ Do

§531. YO = YCGOF - S0

1o FSET (XLOUR, YCOOR

10110 FOR AlS = RIS TO T.142 STEF (AID#2#7,1815526548 /560

10210 x1 = XCOOR &

1.310 ¥T = (YCOJR.B: <C

10411 IF ABS (THETA - &15).,001 THEN DRAW "u=yei d=yci”: LOCATE YT,xT: FRINT ARILC
C:THETL = THETA ¢ CET26646Zo#:G0TD 10820

160510 NEXT RIS

10637 NEXYT THETH

10e2 . RETURI.

12408 V”=&(lléflw0"(1u'-RAE'RA,AZJ)050):XV=((((V(:.RA.AZ:/V)—I)C:SfdxCDDR:;FSL?
(A Yy PSE?AJV.YV~1):PEET\LV.Y¥-1;:PSET(XV»!.VU):FSET(XU—I.YV:

1Ia1] RETU IV

T4
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5. LATPLTES.BAS--Plots all rake temperatures laterally
for a given azimuthal and radial position.

1¢ CLS

=0 SCREEN 2

¢ DIM O FNT(%.18)

4C¢ DIM RAL(G.1B)

<2 DIM ANG(9,18)

60 DIM T(4.9,18)

70 DIM Fi4,.5,16:

80 DIM V(4,9,18)

S0 INFUT "STATE INTRODUCTOFRY FILENAME IN QUOTES"; Fls

100 INFUT “ETATE DATA FILENAME IN QUODTES"; FDs

110 DFEN FIs$ FOR INFUT AS #1

127 DFEN FD$® FOR INFUT AS #Z

120 INFUT #3,A1.F1$,FDs, L, NI FR, TR, MCR, MR, MGK, TIR, MSIR, BFR, TSR, TeR, T?R. TBR, TSF
Sy TIOR M M, M M. F,T,TI,TE,T6,T7,T6.79, T10,RO.ROJ, V, M8, V), DR, J, Sk, BF, NDJ
14 INFUT “WHAT TYFE OF FLOT (lateral velocity or temperaturse) “;FLTYFS
145 INFUT“WHAT RADIAL FOSITION 1S DESIRED(9,8,...1)7"§ RAF

147 INFUT"WHAT AZIMUTHAL FOSITION IS DESIRED(16,164...2,0)"; AIF

142 CLS

145 LEY DFF

1S FOR AZ = ¢ TO 6 STEF Al

140 FOF. R& = & TO 1 STEF (-1
174 BGOSUE S000

e NEXT k&
@ NEXT A

FOR A2 = AZ TO 1C STEF Al

. FOR RA = ® TO = STEF (-1)
220 GOSUE S000

et} NEXT Ré&

240 NEXT A2

2% FOR A2 = AZ TG 1Z STEF AI

Zc! FUF RA = & TC T STEF (-1
2T GOZLE S
<. NE:2T Fm

0% WEXT A2
To FOR A2 = AZ TO 14 STEF Al

Ti FOF R4 = 9 TO 4 STEF (-1
oo BOSUE S00O0
30 NEXT R&

40 NEXT A2
3& FOR AZ = AZ TOD 1B STEF Al

360 FOR RA = & TD § STEF (-1)
h 4G GOSUE S000
Teo NEXT R&

T& NEXT A2

400 LOCATE 7.4S:FRINT"FILENAME: “FDs

410 LOCATE &, PIFPRINTMOMENTUM RATIO: "$:PRINT USING “#%. 68”3 2

420 LDCATE 6, 9:FRINT"DENSITY RATIO: “3:PRINT USING “a#.ee";DR

430 LOCATE 7, 9:iFRINT"SPACING RATIO: *“3:PRINT "SINGLE INJECTION";

442 LOCATE S,4S:FRINT "RZIMUTHAL STATION: *“; FRINT (AZFe10)::PRINT “DEGREES":
444 LOCATE 6,AT5:FRINT "RADIAL STATION: “3:IPRINT ((RAF «.%)#10)::FRINT “UNITS";
450 FSET(296,176):DRAK "r192 1384 riol" :

451 PSET (25.176): DRAW"UPé& r4 1B rd d96 ra 1B ra“:FSET (294,178

452 DRAW "1192 ulS d% r96 uf d5 r192 u% d% r96 u% d% 1384°

460 LOCATE 24,11: PRINT -7.14%

470 LOCATE 24,22: FRINT =3.57:

460 LOCATE 24,37: FRINT O3

450 LDCATE 24,47: FRINT 3.%7;

SG0 LOCATE 24,%9: PRINT 7.143

S10 LOCATE 25.27: PRINT "Inmitial Jet Diameters";

SSL LDCATE 9,1: FRINT"NORM. TEMF., = 0.%"

Set FSET (296,176

Sei LOCATE 1,1

71 FND
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S0 INFJT ﬁ:.PNT(RA,AZ),RAD(RA,AZ).ANG(RA,AZ),Y(O.RG.AZ),1(1,Rk,AZ),T(:.RA.AI'.

Tt:.RA.AZ).T(Q,RA.AZ),P(Q,RA.AZ),P(l.RA,AZJ,F(Z,RA.AZ).F(:.RA.AZ),F(A.RA.AZ).VLL
,RR.AZ).V(I,RA.AZ).V(:.RA,AZ).V(I,RA,A:),V(4,RA,GZ!

5. 10 IF RasRAF AND AZ=AZF THER BDSUE 6000

oo RETURN

&Ll XCDOR=104: YCDOR=(176- (192 (T(D,RA,AZ)-T) /(TI-T)) 22 FSET (XCOOR, YCDOR ) : DRAK
"uZ d4 uZ r4 18 ra”

&30 XCOOR=ZI002 YCOOR=(176- (192 LT (1, RA,AZY=T) /(TI=-T))) ! FSET (XCODF.. YCOOR) : DRAK®
uZ dé4 uZ rd4 1B ra"

60I¢ XIODR=ZG6! VCOOR=({176- (1528 (TU2,Ra A1) =T) /(TI=T)) 32 FSET (XCOOF, YCOOR :DRmw"
ul d4 uZ r4 lE ré”

602w XCODR=I92: YCOOR= (176~ (1582# (T{3,RA,AZI-T) 7 (TI-T1) )2 FSET (XCOOR, YCOOR) : DRAK"
u- 84 U r4 18 ra”

&ira.0 XCODR=4BE: YCOOR= (176~ (1928 (T (A, RA.A)~T) /({TI=T)) ) FSEY (XCDOR. YCOOR) : DRAW™
ul dd uZ r4 1B rav :

6% RETURN
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6. 3DLAT.BAS--Plots laterally all rake temperatures for all

10 CL:
o0 NPT
30 DIM YIS
43 LIM X (%)
10 VEW OFF
115 DIm
120 DIM
125 T1m
12¢ DIm
25 DImM
180 DIN
S1¢ INFUT
410 INFUT
10
610
710

“Wrat azimathal location™;

FT (3. 189
RAL (G, 1E:
ANG 5,18
Ti4,9,18)
Fi4,5.18)
Via, 5,167
“Wrat 18 the
“Wrat 1% the
OFEN Fls FDF INFUT
DFEN FDs FOF INFUT
INEUT Q:.Gl.FX‘.FDS.J&.NJ.FR.TR.HCR.HLF.HGR.TJR.HSJR,EFR.TSR,T&R,TTR,TER.TQF

radial positions at a given azimuthal location.

AZl

1ntroductory anformation filename s Fls
data filerame"; FD$
AS #)

AS #°

. TIDE,HC.HD.HG.!.F.1,1J,TS,Tb,T7.TB,T§,T10,RD,RDJ,V.HEJ,VJ,DR.J.SR.BF,NDJ

71% &ID = A0
€:0 INFUT "what type of plot 1E thas"s FLTYFS
B1S FOF AZ = TC 8 STEF (AID/1N
[l FOF RA S 10 1 STEF (-1
E25 BGISE SO0
£ NE X
T5 ONET A
Ea° FUR A7 = &2 TO 10 STEF (AID/1ODY
&% FOR R = 9 TO T STEF (-=1)
BS GOSUkK Suna
BEC NEXT RA
gns NE- T A2
S, Fo~ fL0F T 12 BYEF (w3130
gel Fur Re ¢ YL T STEF -i.
Bel BGOSJE S0
g™ NEXT Ré
€7 . KREMT AT
ETZ FOF Al = &2 10 14 STEF (ARIL/1OD)
&8TS FOf. Ra = § TO 4 STEF (~1)
67k BOSUE 050
85 NEXT R~
B52 NEXT A2
g55 FOF. A2 = A TO 16 STEF (AID1D)
887 FOR RA = & TD § STEF (~1)
B3%¥ BOSUE SLOO
B%1 NEXT R~
B9 NEXT AI
210 CLE
1010 SCREEN 2
1015 LINE (50,1900 -(SC, 110
102C LINE (50,110)=~(353,30)
1625 LINE (350,30 -(350,110)
103¢ LINE (350,110)-(350,190
1100 LOCATE 4,48: FRINT “INNEF WALL"
3111 LOCATE 14.%0: PRINT "FILENAME: * FDS$
1125 AZ11 = AZ1+10
1150 LOCKTE 10,%0: PRINT “AZIMUTHAL LOCATION:® AZIT"DEGREES"
1216 LOCATE 11,50t PRINT “MOMENTUM RATIO: “"3: FRINT USING “##.a8"3J
1210 LOCATE 12.5C: FRINT “DENSITY RATIO: "3t PRINT USING "##_ 8#8";DF
1215 LDCKTE 20.4%: FRINT “NDRMALIZED TEMFERATURE = 1°

-
5z
12295

o

FSET (300, 16%): DRAW
1F NOJD = O THEN GOTD 1425
IF NGJ = 1 THEN GOTO 1450
1410 LDCATE 13.%0: PRINT "SFACING RATIO:

"U3 Dé U3 R300 UT De"

43 tFRINT USING "##. %% i5F
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1425 LOC&TE 13.50: PRINT “SFPACING RATIO: ;s PRINT “NO INJECTION":
1425 BCLTO 1510

145 LOCATE 12.5C: PRINT “SFARCZING RATID: w3 sPRINT “SINGLE INJECTION":
1451 GO7T0 150

1510 REI® row continue with dats plotting

jelC FEET1B80,10D)

1615 v(§:=102

162C LIm = 1
1025 Y0 = B
162 IF ALl
127 IF A1
1623 1IF &1

10 THEN LIM
12 THEN LIM
14 THER LIM
1625 1IF A2l 16 THEN LIM
1650 IF A%l 16 THER LIM
1675 FOR LAT = 0 TO & STEF 1

KHnun
s ED
LA VR ]

164 FOR RA = & TO LIm STEF -1

1647 VALUE ==300# ((T(LAT.R&.AZI) =T)/(TJ = TN

1&50 IF R4 = @ THEN GOTO 16Z5

1652 BOTO 168CG | .

$6cT X(RA =X + VALUE: PSET(X(RA),Y(RA:): DRAW"I=valuei"
1657 GDT0 1&ET

160" X1Rh&) = XQ + VALUE

1a70 FSETL(X(R&) 2, (VIRA)))

1675 LINE ((X(RA + 13}),(Y(RA + 1)))=((X(RAY), (Y(RA)))
16E 1F K& = LIM THEN DRAW "L = VALUE:"

1857 Yk = 1) ® Y(R&! ¢ 10

1687 NE:T Ré&

1657 FSET (X%, YI(9)):DRAW "dBO uB)"

1650 YIS, = Y(§) -l&

1700 X o® XD o+ bl

1701 IF LAT = & THEN GOTOD 170%

FSEET (X . YV(§):DRAK "dED uBl"

FEOT tn(ha 12, v (Resl

Wh -7 LAT

LOleaTe 14108

O TH

v LDZe = LOCFE +3

.5 IF EDT(Zs THEN BOTO BEY

5210 INFUT #2, PNT(RA.&Z).RADfRG.AZ),ANG(R%.AZ!.T(O,RA,AI),T(I.RA.AZ).T(Z.RA.QZ:
,T(:.RA.AZ).Tl4.RA,AZ!.F(O,R&.AZ).P(i.RA.AZ).F(:.RA.AZ).F(Z,RA.AZ:,P(A.RA.AZ).&(
U.RA.AZ).V(l.RA.&::.V(Z.RA.&Z),V(:.RA,AZ).V(A,RA,AZ)

SO0 RETURN

[
4

AN b b~
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APPENDIX §

ERROR ANALYSIS

This error analysis is based on the approximation that error
can be estimated using the first term of the Tayior Expansion.

Sources of error in this experiment are from:

the;mocouple

conduction

pitot-static tube

flow fluctuations

Doric temperature indicator

Setra Systems transducer

Tecmar A/D board.

1. Temperature Error:

[std. dev.

8T \

S [25 + Conduction error + Thermocouple error
0(7T) .2

- 1.2 -
22 = 100 [600] +0.18 + 0.75 = 1.13%

Fiuctuation must include Doric flow fluctuations and A/D

board.
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2. Pressure Error:

[std. dev.
B(AP) \
~ AP EE + pitot-static error

6
B8(AP) _ 100 [8x10

AP 0.004] t4=4.2%

Fiuctuations seen in standard deviation must include Se-

tra transducer. flow fluctuations. and A/D board.

3. Error in Velocity
Since velocity has multiple components. each having some er-

ror associated with it, the Taylor formula wiil therefore be used:

/72
2AP
vV, = |/
' [pz ]
where V:’ p, are "local® quantities.
p. = P__ Patm fcomb
] RTL AR T!
where P atm - atmospheric pressure
Pcomb = combustor pressure (gage)
/72
v = 24P ,
L Patm 1'F'czomb
R Tl.
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and taking the absoiute

Using the Taylor expansion formuia,

value of each term:

BV _ 1[_av 1[av
v = vizam scap) | + v[arl °Tz]
av [ av

2V ap. ]| ¢ 2= — sp )

atm ] V[apcomb comb ]

aPatm

. +_'|_

v

|

After carrying out the differentiation in the first term. and muitiplying

by 1/V and 8(AP)., one gets:

2RT
P
Y 8(AP)
l[ av - 21Patm * Peoms
V13a(AP) [ 2APHTl ]
Patm t Pcomb
1 6(AP)
AP

Similarly. term two becomes:

]
l[av o7 ] _2%,
viar, °Ta T,

Similarly. term three becomes:
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1
_'I_[ V_ aep )] - 2 °Patm)
v aPatm atm ' Patm + Pcomb
Simllarly, term four becomes:
1 O(P )
l[ aVv 5P )] = 2 comb
v aPcomb comb Patm + Pcornb
Therefore. uncertainty in velocity is
oV _ l[O(APi +.6(T1) . O(Parm) + O(Pcomb)
v 2 AP Tl Patm + Pcomb
B(AP) _
- 4.2% from above
O(Tl)
T = 1.13% from above
j ]

Combustor and atmospheric errors are estimated by how well
manometers can be read. The barometer is = 0.01 inches Hg.

The combustor pressure manometer is * 0.05 cm water. This gives

b(P ) + O(P )

atm comb  _ 0.01 + 0.0014 /nches Hg _ 0.04%
Patm + Pcomb 29+0.06 inches Hg
Therefore
ov

L %[4.2 +1.13 + 0.04]



197

oV _
vl 2.7%

4, Error in Momentum Ratio

o, V;

/

pv?

where p.V are cross flow conditions
PI ‘2
RT J

where

therefore.

(m)2 P A%T
;oM /

(mr2 P/\2IT

Use this expression for J. and write the error equations as

follows:

8 - ZFL e +-}[—9—‘_’—ouh)]
oam



[

|

. wwQy | wwog , Wwil _
$6280°0 = Gut + Twe + Tags = ¢

o o WIS _ !

€€0°0 = {35600 - -

isepujeeduUNn peRwns3
1 le1r
W] = [cre TeitT
/ /
,1 - [(’.L)Q ;fg r
d e

ta . [('d)Q ld—e-] £
dare T
d deir
()@ [(d)q f‘e]T
w [ wm r
= g —=1\-
T 3l
rq, [ / 1,%,9 .
— = | dueg =L
Jwgz - relt

:SUO|IRINDIRD 10110 A))O0|8A 8y} u| Se I1snf

!

Le]r [, 18]r
(e Fe] £+ [(.L)Q A21L .
dare I"’e Lo [we )T+

e

861
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0.01 inches Hg + imm _ 0.0438

P = =33 inches Hg ' 23mm
.
T, = 543 * 0.0075 + 0.00025 = 0.0096
(DORIC) (T-C)  (TECMAR)
T = + 0.0075 + 0.00025 + 0.0018 = 0.01040

7780 180
(DORIC) (T-C) (TECMAR) (CONDUCTION)

Add all of the above according to the Taylor formuia. but using the

sum of the squares for a less conservative estimate to get

B8J

5 =% 18%
5. Error in Density Ratio
o . L
/ RT'
=L
P = AT
PI ]
or = lRTI ) PIT
[_P_] PT,
RT

8cor) _ 1 [aor apr
2! Dr[ 3 O(PI)] + Dr[ o(P)]
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1 {e0r 1 18or
+ Dr{a_r‘l b(Tl)] + o7 [5F (T |

scory _ °F , ep 8T, a1

ep . 1 8T
or - TP, P"Tl*r

Using values from the momentum caiculation

B(Dr) _
or - x 6.4%

6. Error in Tau

7=T1'T3
T, = Tg
where
T, =T,
T, =T,
Ta =T
8r _ 1|87 l AN K-I &
r T [ar1°‘T’]* _r[ o(r>]+ [ o('rs)]

Carrying out the differentiation:

O(T.l) a(r,)

aT 2 1 1
T T T, Ty | T, Ts [r1 ' T, r3]

For conservative vaiues, take
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|T] -13l=150K
Ir2 -T3|=350K
T, = 500 K
T, = 300 K
Ty = 650 K
Recali
6(T,)
T =2 1.13%
1
6(T,)
F— = % 0.96%
2
8(Ty)
=— = £ 1.04%
3

This gives absolute errors as:

T'I =% 5.65 K

T2=:|:2.9K

T3 =% 6.75 K

As a less conservative estimate. the square root of the sum of the

squares of the terms in the faylor expansion gives:
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o(T)

= % 6.5%

(2 3 data point widths)

7. Error in Gamma

Y,
=L _
oy _1[28v 13y
v -y[av °‘V1’] +'y[ v, 5“”]

oy _ 2 . _B(V)
Y vl v Vl -V
Recall
8V _
Al 2.7%

Representative values of V. V! are 8.15 m/s
Using a less conservative estimate of the square root of the sum of

the squares to get

8y _
S = % 6.6%

( + 1/4 data point width)
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